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Summary
Oil palm plantations are rapidly expanding in the tropics, triggered by increasing de-
mand of vegetable oil and by their high productivity. Large part of palm oil is pro-
duced in large-scale plantations employing intensive agricultural management prac-
tices, which are associated with negative environmental impacts and may reduce soil
fertility. Therefore there is a need to reduce this environmental footprint and to estab-
lish management practices that support long-term soil fertility without sacrificing the
yield.
We established a management experiment in a large-scale oil palm plantation to de-
termine if the reduction of management intensity may promote soil fertilty. This ex-
periment had factorial treatment combinations of two fertilization rates (260 N, 50 P,
220 K kg ha-1 yr-1 as conventional practice, and 136 N, 17 P, 187 K kg ha-1 yr-1, equal
to harvest export, as reduced management) and two weeding methods (conventional
herbicide, and mechanical weeding as reduced management). The three management
zones of large-scale oil palm plantations were considered: the palm circle, where the
fertilizer is applied and regularly weeded; the unfertilized and weeded inter-row; the
frond-stacked area, where the cut fronds are piled up on the soil. In this experiment,
we conducted three studies to investigate three soil processes: the soil N cycle, soil and
litter biological asymbiotic N2 fixation and nutrient leaching losses.
In the first study, we measured the soil-N-cycling rates in the top-5-cm depth, using
the 15N pool dilution technique, as well as soil nutrient contents. While there were no
differences among experimental treatments, there were clear differences among man-
agement zones. The highest soil-N-cycling rates were in the frond-stacked area. The
main driver of the soil N cycle was microbial biomass N, which was controlled by soil
organic matter. The decomposition of senesced fronds provided ample substrate to
sustain high microbial biomass and high rates of soil-N cycling in the frond-stacked
area, also promoting soil fertility (e.g. low bulk density, high organic matter, high base
saturation).
In the second study, we measured biological asymbiotic N2 fixation in the top-5-cm of
soil and in the frond litter. We used the acetylene reduction assay with monthly mea-
surements for one year. There was no effect of the experimental treatment on asymbi-
otic N2 fixation but there were differences among management zones. The palm circle
had the highest N2 fixation rates due to high pH and the frond-stacked area had the
lowest N2 fixation rates because of high soil N contents. The litter had high rates of N2
fixation on mass-basis, but, given the small coverage of the litter in the plantation, the
rates on area-basis were low.
In the third study, we measured nutrient leaching losses at 1.5 m depth for one year and
nutrient contents in the top-50-cm soil. We collected monthly deep-soil water samples
with suction cup lysimeters and we estimated the water drainage flux by modeling
the water balance. The reduced fertilization treatment and the mechanical weeding
treatment had lower leaching fluxes than the conventional treatments because of lower
nutrient inputs and higher retention by enhanced cover vegetation. The palm circle
had generally low leaching fluxes because of high plant uptake, whereas the inter-row
had the highest leaching losses of N and Al, because of low plant retention, lateral
transport of N, and acidic pH.
Altogether these results highlighted the differences among management zones. In the
frond-stacked area, the high soil-N-cycling rates, microbial biomass, nutrient contents
and water drainage flux show the importance of mulching with senesced fronds to re-
store some soil functions. Lower fertilization rates and mechanical weeding were effec-
tive practices to reduce nutrient leaching losses, reducing the environmental footprint
of the plantation. Also, the yield was comparable among experimental treatments,
suggesting that reduced management intensity can maintain high productivity.
Zusammenfassung
Der Flächenverbrauch durch Palmölplantagen ist in den Tropen stark angestiegen was
vor allem durch die hohe Produktivität und eine stark gestiegene Nachfrage nach
günstigem Palmöl ausgelöst wurde. Ein großer Teil des Palmöls wird in weitläufigen
Plantagen mit intensiver Landwirtschaft angebaut. Oft sind negative Folgen für die
Umwelt und Bodenfruchtbarkeit mit dieser Art der Bewirtschaftung verbunden. Das
verstärkt die Notwendigkeit bodenschonende Anbaumethoden zu etablieren um bei
gleichem Ertrag die Bodenfruchtbarkeit langfristig zu erhalten und den ökologischen
Fußabdruck des Ölpalmenanbaus zu reduzieren.
Die Auswirkungen einer reduzierten Bewirtschaftung auf die Bodenfruchtbarkeit, wur-
den in dieser Studie in einem groß angelegten Feldversuch in einer kommerziell be-
wirtschafteten Palmölplantage untersucht. In diesem Experiment wurden zwei ver-
schiedene faktorielle Behandlungskombinationen bestehend aus zwei Düngemittel-
mischungen (260 N, 50 P, 220 K kg ha-1 yr-1 für konventionelle Bewirtschaftung und 136
N, 17 P, 187 K kg ha-1 yr-1, für eine schonendere Bewirtschaftung) und zwei Unkraut-
behandlungsmethoden (konventionelle Herbizide und mechanisches Jäten) verwen-
det. Die drei typischen Managementzonen der großflächigen Palmölbewirtschaftung
berücksichtigt: (1) Der Palmkreis der frei von Bodengewächsen gehalten wird und in-
nerhalb dessen das Düngemittel appliziert wird, (2) der ungedüngte Bereich zwischen
den Palmenreihen und (3) der Bereich in dem die entfernten Palmwedel zur Kompo-
stierung aufgeschichtet werden.
Drei Detailstudien beschreiben drei Bodenprozesse: den Bodenstickstoffkreislauf, die
biologische und asymbiotische Stickstoff-Fixierung in Boden und Bodenstreu und
Nährstoffauswaschungsverluste.
In der ersten Studie wurden Bodenstickstoffumsetzungsraten bis in 5 cm Bodentiefe
mithilfe der 15N Isotopenverdünnungsanalyse und Bodennährstoffgehalte untersucht.
Während keine Unterschiede bei den verschiedenen Behandlungskombinationen fest-
gestellt werden konnten, waren eindeutige Unterschiede in den verschieden Bewirt-
schaftungszonen zu erkennen. Die höchsten Umsetzungsraten für Stickstoff wurden in
Managementzone (3) gemessen. Hauptsächlich verantwortlich für die Bodenstickstoff-
umsetzung war die mikrobielle Biomasse die wiederum von der organischen Boden-
substanz beeinflusst wurde. In Managementzone (3) die Bodenstickstoffumsetzung
begünstigt durch die gelagerten Palmwedel und deren positiven Einfluss auf die mi-
krobielle Biomasse zu erhöhter Bodenfruchtbarkeit (unter anderem geringe Boden-
dichte, hoher Anteil an organischer Bodensubstanz, hohe Basensättigung) führte.
In der zweiten Studie wurde die biologische und asymbiotische Stickstoff-Fixierung
bis in 5 cm Bodentiefe und in Bodenstreu untersucht. Hierzu wurde die Acetylen-
Reduktionsanalyse mit monatlichen Messungen verteilt auf ein Jahr angewandt. Es
konnten keinerlei Effekte der verschiedenen Behandlungskombinationen festgestellt
werden, allerdings wurden Unterschiede innerhalb der Managementzonen festgestellt.
Managementzone (1) wies wegen des hohen pH-Wertes die höchsten Stickstofffixie-
rungsraten auf. Verglichen dazu konnte in Managementzone (3) aufgrund des hohen
Stickstoffgehalts im Boden nur geringe Stickstofffixierungsraten nachgewiesen wer-
den. Für das Bodenstreu konnte eine verstärkte asymbiotische Stickstoff-Fixierung auf
Massebasis nachgewiesen werden, allerdings waren die Fixierungsraten wegen des ge-
ringen Bodenbedeckungsanteils mit Bodenstreu auf die Fläche gemessen eher gering.
Für die dritte Studie wurden Nährstoffauswaschungsverluste in 1.5-m Tiefe über den
Zeitraum eines Jahres gemessen. Die Auswaschungsmessungen wurden monatlich mit
Tiefbodenwasserproben mit Saugkerzenlysimetern aufgenommen. Außerdem wurde
der Wasserabfluss durch Wasserhaushaltsmodellierung berechnet. Die
schonendere Düngung hatte folglich geringere Auswaschungsverluste als die konven-
tionelle Düngung. Das mechanische Jäten hatte einen positiven Effekt auf die Vege-
tationsdecke und die Nährstoffspeicherung was zu geringeren Auswaschungsverlu-
sten im Vergleich zur Herbizidbehandlung führte. Managementzone (1) hatte wegen
der hohen Nährstoffaufnahme der Palmen generell geringere Auswaschungsverluste,
während in Managementzone (2) wegen des geringen Pflanzenbewuchses dem hori-
zontalen Stickstofftransport und des sauren Bodenhorizonts die stärksten Nährstoff-
auswaschungsverluste nachgewiesen werden konnten.
Zusammenfassend verdeutlichen die Ergebnisse der drei Studien die erheblichen Un-
terschiede zwischen den beschriebenen Managementzonen. Wichtige Bodenfunktio-
nen konnten vor allem in den Bereichen in denen abgeschnittene Palmwedel gelagert
wurden wiederhergestellt werden, da in diesen Bereichen hohe Bodenstickstoffumset-
zungsraten, der verstärkte Aufbau mikrobieller Biomasse, stärkere Nährstoffgehalte
und ein erhöhter Wasserabfluss die Bedeutung von Mulch in den Vordergrund rücken.
Die Reduzierung der Bewirtschaftungsintensität konnten geringere Nährstoffauswa-
schungsverluste nachgewiesen werden. Es konnte kein Einfluss der Behandlungskom-
binationen auf die Ernteerträge festgestellt werden, was zum Schluss führt, dass trotz
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Chapter 1. General introduction
1.1 Oil palm plantantions and soil fertility
Oil palm (Elaeis guineensis) has become one of the dominant agroecosystem in the trop-
ics. The area of oil palm plantations has recorded a remarkable expansion in the last
decades, especially in Malaysia and Indonesia (FAO 2018). The latter is the top pro-
ducer of palm oil worldwide and the main contributors are the islands of Kalimantan
and Sumatra (FAO 2018, Directorate General of Estate Crop 2017). The reasons for the
success of oil palm are its superior yield and lower management costs compared to
other vegetable oils (Carter et al. 2007, Clough et al. 2016). Given the rising demand
for cheap oil for cooking and biofuel, the area under oil palm is predicted to expand
in the future (Pirker et al. 2016, Corley 2009). There is a rising concern on the environ-
mental impact of the expansion of oil palm, as it is often associated with deforestation
and consequent loss of biodiversity (Barnes et al. 2017, Savilaakso et al. 2014), soil
degradation (van Straaten et al. 2015, Guillaume et al. 2016, Maranguit et al. 2017) and
greenhouse gases emissions (Hassler et al. 2017, Fargione et al. 2008). These negative
environmental effects can be mitigated by the development of sustainable agricultural
management practices that aim to maintain high levels of production and simultane-
ously partially restore the ecosystem functions lost during the convertion of forest to
oil palm (Foster et al. 2011, Pauli et al. 2014, Dislich et al. 2017). Besides, since oil
palm is a perennial crop, with a life-cycle of approximately 25 years (Corley and Tin-
ker 2016), there is a potential to install relatively long-term sustainable management
practices.
One important ecosystem function is soil fertility, which is the capacity of the
soil to provide sufficient nutrients for plant growth; it is determined by the continuous
cycle of nutrients between vegetation and soil (Dislich et al. 2017). Prolonged culti-
vation has a negative impact on soil fertility (Corre et al. 2006, Davidson et al. 2007,
Ngoze et al. 2008) and oil palm plantations have indeed lower soil fertility compared
2
Chapter 1. General introduction
to forests (Dislich et al. 2017). The decrease of soil fertility diminishes the capacity of
the soil to support high levels of crop production, which have to be maintained by the
continuous use of fertilizers (Allen et al. 2016). Also, a severe decline in soil fertility
may cause the abandonment of the area with further expansion of oil palm plantations
at the expense of other land uses, in particular tropical forest (Vijay et al. 2016). There-
fore, management practices in oil palm plantations should focus on the maintenance of
long-term soil fertility to reduce the dependency on high fertilizer inputs and prevent
further land-use change.
Our work investigates some soil process that regulate soil nutrient dynamics
and, ultimately, soil fertility: (1) the soil nitrogen (N) cycle, which includes all the mi-
crobial transformations of N in the soil and determines the soil N-supply capacity and
the potential for N losses from the soil; (2) biological asymbiotic N2 fixation, which is
the main natural pathway through which N enters in the system and (3) nutrient leach-
ing losses from the soil, which deplete the soil from nutrients and eventually reduce
soil fertility. We determined these soil processes under different agricultural manage-
ment practices to understand how management practices affect nutrient dynamics and
how they can be adjusted to promote soil fertility. We conducted our experiment in a
large-scale oil palm plantation in Sumatra in the province of Jambi, an area that has
been a hot-spot for land-use change in the past decade (Drescher et al. 2016).
1.2 Management practices in large-scale oil palm planta-
tions
Most of the oil palm plantations area in Indonesia is occupied by large-scale planta-
tions (60% in 2015, Directorate General of Estate Crop 2017), with areas from 3.000 to
40.000 ha, owned by private or governmental enterprises; the rest of the plantations
are owned by smallholders, with a maximum area of 50 ha per farmer (Lee et al. 2014).
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In Jambi province smallholder plantations are on average 4 ha (Clough et al. 2016).
Large-scale plantations have higher management intensity compared to smallholder
plantations and intensive agriculture is generally associated with high negative envi-
ronmental impacts (Matson et al. 1997, Tilman et al. 2002). Also, since in large-scale
plantations few stakeholders manage large areas, there is a real possibility to address
environmental concerns and implement sustainable management practices in these
plantations. The commonly-employed management practices in large-scale oil palm
plantations involve high rates of fertilization and the use of herbicide for weeding (Pa-
han 2010, Comte et al. 2012). Fertilization with N, phosphorus (P), and potassium
(K) is necessary to maintain high yields in tropical soils that are highly weathered and
naturally nutrient-poor (Tiemann et al. 2018, Corley and Tinker 2016). In addition,
lime is normally applied to maintain the pH suitable for P and base cations availabil-
ity (Schlesinger and Bernhardt 2013, Pahan 2010) and to contrast the acidifying effect
of N-fertilization, given the low acid-buffering capacity of tropical soils (Lungu and
Dynoodt 2008, Lu et al. 2014, Nelson et al. 2011). On the other hand, weeding is
practiced to facilitate the access to the palms for an efficient harvest and to reduce the
competition for nutrients and water between palms and understory vegetation (Cor-
ley and Tinker 2016, Woittiez et al. 2017, Oberthuer 2012). However, while competition
with weeds can reduce the yield in the first stages of oil palm establishment (Corley
and Tinker 2016), in mature plantations there has been no evidence of competition
(Ashton-Butt et al. 2018, Woittiez et al. 2017). These commonly-employed manage-
ment practices are associated with negative environmental impacts. High fertilization
rates stimulate nutrient losses, connected with greenhouse gases emissions and pos-
sible water contamination (Figueiredo et al. 2010, Hassler et al. 2017, Huddell et al.
2020). The use of herbicide reduce the understory vegetation, important for carbon
and nutrient cycling (Wang et al. 2011, Xiong et al. 2008, Bigelow et al. 2004), as well
as for biodiversity (Luke et al. 2019, Ashton-Butt et al. 2018, Darras et al. 2019). Re-
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ducing the intensity of these management practices, through lower fertilization rates
and mechanical weeding instead of herbicide application, may reduce these negative
environmental impacts while maintaining high levels of production.
To test this hypothesis a management experiment was established in a large-
scale oil palm plantation in Jambi, Indonesia. These full-factorial management exper-
iment compared conventionally-employed intensive management practices with re-
duced intensity of management. The factors of the experiment were fertilization (i.e.
conventional rates vs reduced rates, equal to nutrient export via harvest) and weeding
(i.e. herbicide weeding vs mechanical weeding). This management experiment was
established in the framework of the interdisciplinary research project of EFForTS (Eco-
logical and Socioeconomic Functions of Tropical Lowland Rainforest Transformation
Systems), which is a Collaborative Research Center (CRC 990), funded by the Deutsche
Forschungsgemeinschaft, of Georg-August University of Göttingen in collaboration
with four Indonesian universities: Agricultural University Bogor (IPB), University of
Jambi (UNJA), University of Tadulako (UNTAD) and University of Brawijaya (UB). In
this oil palm management experiment, the EFForTS project aims to assess the effect
of different management intensities on the environmental processes, on biota and bio-
diversity, and on economic factors, including the yield. As part of this project, our
research investigates the soil nutrient dynamics in this management experiment.
To study soil processes in large-scale oil palm plantations it is important to take
into account their defined spatial structure (Anuar et al. 2008, Law et al. 2009, Carron et
al. 2015). Normally, planting configuration and standard management practices gen-
erate three different zones in the soil, which are normally called management zones
(Haron et al. 1998, Ashton-Butt et al. 2018). (1) Palm circle, which is a 2-m-radius
area around the palm, where the fertilizer is applied and that is regularly weeded and
raked. (2) Inter-row, which is the area between the palm rows that is weeded less
intensively than the palm circle and is not fertilized. (3) Frond-stacked area, where
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the fronds, which are pruned to reach the fruit during harvest, are stacked on the
soil for mulching, every second inter-row. Accounting for the differences in manage-
ment zones is fundamental for scaling-up soil processes to plantation level. Also, the
management zones provide a gradient of management intensity to assess the effect
of management practices on soil processes, from intensive fertilization and weeding
in the palm circle, to no fertilization and less intensive weeding in the inter-row, and
mulching in the frond-stacked area.
1.3 Soil nutrient dynamics: biological asymbiotic nitro-
gen fixation, soil nitrogen cycle and nutrient leaching
losses
Nitrogen is the main limiting nutrient of terrestrial primary production and a funda-
mental nutrient for oil palm growth (LeBauer and Treseder 2008, Tiemann et al. 2018).
Differently from the other macronutrients (P and K), N is not rock-derived and the
main natural pathway through which it enters in the system is via the biological fix-
ation of atmospheric N2. Biological N2 fixation is carried out by microorganisms that
live in symbiosis with plants, especially in leguminous trees, or free-living in soil, litter
and on plant surfaces (Reed et al. 2011). In oil palm plantations, the leguminous cover,
usually planted in the first years, dies out due to light limitation 7-8 year after plant-
ing, when the palms are mature and the canopy closes. So that no leguminous trees are
found in mature oil palm plantations (Corley and Tinker 2016, Rembold et al. 2017).
Therefore, asymbiotic N2 fixation is likely the only form of N2 fixation in oil palm
plantation. This process can be an important source of N for the palms and should
be taken into account for rational fertilizer use, but there is no research on the asym-
biotic N2 fixation in oil palm plantations (Pardon et al. 2016). The main controlling
factors of asymbiotic N2 fixation in tropical forests are soil moisture content, microbial
6
Chapter 1. General introduction
community composition, and labile carbon (C) and nutrient (N, P, molybdenum (Mo))
contents (Crews et al. 2000, Barron et al. 2009, Reed et al. 2010, Vitousek et al. 2013,
Bomfim et al. 2019). In general, high moisture and C contents favor N2 fixation, N has
an inhibitory effect, and P and Mo can be limiting nutrients. However nutrient limita-
tion of N2 fixation is complex, as there is often no single-element limitation but rather a
multi-element limitation which involves complex relationships of coupled nutrient cy-
cles (Wurzburger et al. 2012, Perakis et al. 2017). Management practices alter the input
of nutrients in the system either directly, i.e. via fertilization, or indirectly via weeding
and mulching, which affect the nutrient return to the soil and the retention of nutrients
in the soil. Also, these practices can affect soil physical characteristics by altering the
organic matter content in the soil, which is connected with moisture-holding capacity
and bulk density (Moradi et al. 2014, Comte et al. 2012) and by affecting vegetation
cover. In addition, soil nutrient contents can affect soil microbial community and com-
position (Berkelmann et al. 2018), thus affecting N-fixing bacteria. In this study, we
measured asymbiotic N2 fixation in the soil and in the frond pile, which represent the
main litter of the oil palm plantation, and evaluate the roles of management practices
and soil nutrients on regulating this process.
Once N enters the soil, it is transformed by a series of microbial processes as part
of the soil N cycle. Mineral N, in the forms of ammonium (NH4+) or nitrate (NO3-),
is the readily bioavailable form of N. Therefore, the interplay of the processes of pro-
duction and consumption of mineral N determines the N-supply capacity of the soil
for plant and microbial use. Mineral N production processes in the soil are N mineral-
ization, which converts organic N into NH4+, and nitrification, which produces NO3-
from either organic N (heterotrophic nitrification) or NH4+ (autotrophic nitrification).
On the other hand, microbial immobilization represents the internal soil consumption
process for mineral N. This is a mechanism of N retention in the soil, since the N im-
mobilized is only released into the soil when the microorganisms die and N is reminer-
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alized. Dissimilatory nitrate reduction to ammonium (DNRA) can also be considered
a retention mechanism since it transforms the easily-leached NO3- into NH4+, which is
the preferred form of N for plant uptake (Silver et al. 2001). Management practices in
oil palm plantations alter the N input to the soil, directly influencing the soil N cycle.
Also, management practices influence the return of organic matter to the soil, which is
the substrate for mineralization and for microbial biomass growth. Microbial biomass
has been identified as the main driver of the soil N cycle in smallholder oil palm plan-
tations in Jambi province (Allen et al. 2015). In this study, we measured gross rates of
soil-N cycling using the 15N pool dilution technique (Davidson et al. 1991). The term
“gross rates” indicates that all the processes of the soil N cycle are measured separately,
and it is used in opposition to “net rates”, which represents the sum of competing con-
sumptive and productive processes (Hart et al. 1994). While the measurement of net
rates can give useful information on plant-available-N, only the gross rates allow to
determine the soil N cycle and to understand the mechanisms and controlling factors
that regulate the availability of N in the soil.
Finally, nutrients can be lost from the system via leaching. Once a nutrient
reaches a depth where no roots are present, it cannot be reached by the vegetation and
it should be considered lost from the plantation. Reducing nutrient leaching losses is
important for the economic and ecological sustainability of oil palm plantations. Given
that an important part of the costs of oil palm plantations is related to fertilizer acqui-
sition, it is in the interest of the plantation owners to reduce the leaching of applied
fertilizer. On the other hand, leaching losses can have negative effects on the envi-
ronment, since the elements leached can reach groundwater and flow to water bodies,
thus affecting their water quality (Figueiredo et al. 2010, Teklu et al. 2018). Fertil-
ization has a direct impact on leaching losses because it controls the timing and the
extent of the nutrient additions into the soil, and in general high fertilization rates are
associated with high nutrient leaching losses in the tropics (Huddell et al. 2020). Also,
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fertilization and weeding can alter the capacity of the soil to retain water and nutrients
by altering pH, organic matter content and root distribution, thus affecting leaching
losses. In this study, we measured the leaching losses and evaluated the effect of man-
agement practices (e.g. fertilization, weeding and mulching) on leaching fluxes in an
oil palm plantation.
1.4 Objectives and hypotheses
Overall this research had two main objectives:
1. To compare the soil N cycle, asymbiotic N2 fixation and nutrient leaching losses
under conventional intensive management practices, (i.e. high fertilization rates
and herbicide weeding), and under the reduced intensity of management (i.e. fer-
tilization rates equal to nutrient export via harvest and mechanical weeding) in
the oil palm plantation. The purpose was to evaluate whether reduced manage-
ment intensity can maintain or improve soil fertility and soil functions without
affecting productivity.
2. To compare the soil N cycle, asymbiotic N2 fixation and nutrient leaching losses
among the management zones of the plantation (i.e. palm circle, inter-row, and
frond-stacked area). The purpose was to assess the spatial variability of soil func-
tions in a large-scale oil palm plantation and to evaluate the effect of the manage-
ment practices associated with the management zones (i.e. fertilization, weeding
and mulching) on soil fertility and soil functions.
Based on these objectives the three main hypotheses were:
1. Reduced fertilization rates to levels of harvest export can maintain soil fertility
because the plantation is over-fertilized. We speculated that:
(a) Lower N fertilization will reduce gross nitrification because of lower NH4+
inputs.
9
Chapter 1. General introduction
(b) Lower N fertilization will increase asymbiotic N2 fixation rates because of
the reduction of the inhibitory effect of N.
(c) Lower fertilization will reduce leaching losses because of lower nutrient in-
puts.
2. Mechanical weeding will increase the understory vegetation cover, improving
soil fertility because of higher organic matter contents and higher nutrient reten-
tion from the vegetation´s roots.
(a) Higher organic matter will sustain larger microbial biomass and larger soil-
N cycling rates.
(b) Higher organic matter will sustain N-fixing bacteria and higher asymbiotic
N2 fixation rates.
(c) Higher root density will improve nutrient retention, thus decreasing nutri-
ent leaching losses.
3. Management zones will differ in soil properties. The palm circle will have higher
soil nutrient contents because of fertilization. The frond-stacked area will have
higher soil organic C and moderate soil nutrient contents because of litter decom-
position.
(a) Higher organic matter in the frond-stacked area will sustain higher micro-
bial biomass and larger soil-N cycling rates in this zone.
(b) Higher N contents in the palm circle, and to some extent in the frond-stacked
area, will result in lower N2 fixation rates than the inter-row because of the
N-inhibitory effect.
(c) High nutrient inputs in the palm circle, and to some extent in the frond-
stacked area, will result in high nutrient leaching losses.
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Fauzi AM, Gunawan D, Hertel D, Irawan B, Jaya INS, Klarner B, Kleinn C, Knohl A,
Kotowska MM, Krashevska V, Krishna V, Leuschner C, Lorenz W, Meijide A, Melati
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Abstract
Intensive management practices in large-scale oil palm plantations can deteriorate nu-
trient cycling and other soil functions. Thus, there is a need to reduce management
intensity without sacrificing productivity. The aim of our study was to investigate the
effect of management practices on gross rates of soil-N cycling and soil fertility. In
Jambi province, Indonesia, we established a management experiment in a large-scale
oil palm plantation to compare conventional practices (i.e. high fertilization rates and
herbicide weeding) with reduced management intensity (i.e. reduced fertilization rates
and mechanical weeding). Also, we compared the typical management zones charac-
terizing large-scale plantations: palm circle, inter-row and frond-stacked area. After 1.5
years of this experiment, reduced and conventional management showed comparable
gross soil-N-cycling rates; however, there were stark differences among management
zones. The frond-stacked area had higher soil-N-cycling rates and soil fertility (high
microbial biomass, available organic C, soil organic C, extractable organic N, total N
and low bulk density) than inter-row and palm circle (all p ≤ 0.05). Microbial biomass
was the main driver of the soil N cycle, attested by its high correlation with gross N-
cycling rates (r = 0.93 – 0.95, p < 0.01). The correlations of microbial N with available
organic C, extractable organic N, soil organic C and total N (r = 0.74 – 0.87, p < 0.01)
suggest that microbial biomass was mainly regulated by the availability of organic mat-
ter. Mulching with senesced fronds enhanced soil microbial biomass, which promoted
nutrient recycling and thereby can decrease dependency on chemical fertilizers.
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2.1 Introduction
Palm oil is the world´s leading vegetable oil owing to its high yield and low production
costs (Carter et al. 2007, Clough et al. 2016). Indonesia is the top producer of palm oil
(FAO 2017) with the islands of Sumatra and Kalimantan contributing the largest share
(Directorate General of Estate Crop 2017). In Indonesia, 60% of oil palm plantations
are owned by large-scale state and private companies with landholdings ranging from
3000 – 40000 ha (Lee et al. 2014), as opposed to smallholder plantations with an average
of about 4 ha per household (e.g. Jambi province, Sumatra; Clough et al. 2016).
Management in large-scale oil palm plantations is intensive, characterized by
high fertilization rates and weed control using herbicides. Such management is linked
to negative environmental impacts, as high N fertilization rates result in large N2O
emissions (Hassler et al. 2017) and N leaching losses (Omoti et al. 1983, Tung et al.
2009), potentially diminishing water quality (Comte et al. 2012), whilst herbicides re-
move understory vegetation and reduce soil cover, possibly affecting soil biodiversity
(Ashton-Butt et al. 2018) and soil erosion (Moradi et al. 2015). Moreover, oil palm
plantations have strongly reduced ecosystem functions (e.g. gas and climate regula-
tion, water regulation and filtration, soil fertility, genetic resources) compared to trop-
ical forests (Clough et al. 2016, Dislich et al. 2017). Reduction in management in-
tensity, such as reduced fertilization rate to the level of nutrient export with harvest
and mechanical weeding instead of herbicide use, may reduce some of the negative
environmental impacts associated with oil palm cultivation and may moderate the de-
cline in some ecosystem functions. Such reductions in fertilization rates are also in line
with the direction of the Indonesian government to support precision farming (e.g.
varying rates of fertilization with age of plantation, soil types and climate; Ministry of
Agriculture of Indonesia, 2016). Moreover, identification of sustainable farming prac-
tices is a high priority of the Roundtable for Sustainable Oil Palm (RSPO), a multi-
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stakeholder initiative that includes oil palm companies, financial institutions as well
as environmental and social organizations from many countries including Indonesia
(RSPO 2018).
Soil-N cycling is an indicator of soil fertility, an important ecosystem function
that is very sensitive to management practices (Allen et al. 2015, Corre et al. 2006,
Cookson et al. 2006, Lang et al. 2016). The internal soil-N cycle consists of microbial-
mediated N transformations that regulate mineral N production and retention in the
soil, determining the soil’s capacity to supply N (Davidson et al. 1991, Hart et al.
1994a) as well as its susceptibility to gaseous and N leaching losses (Corre et al. 2014,
Kurniawan et al. 2018). An optimal management of the soil-N cycle will maintain crop
production and reduce N losses resulting in both ecological and economic benefits.
Agricultural management practices, such as fertilization and weeding, affect soil-N-
cycling rates by influencing the inputs of nutrients and organic matter into the soil,
and thereby modifying soil biochemical properties and microbial biomass (Allen et al.
2015, 2016, Singh and Ghoshal 2010). Chronic high N fertilization to tropical forest soils
reduce soil microbial biomass and N immobilization rates but increase gross N miner-
alization and nitrification rates as well as N-oxide losses (Baldos et al. 2015, Corre et al.
2010, 2014, Koehler et al. 2009, Müller et al. 2015). Furthermore, N addition stimulated
gross nitrification rates in tropical tree plantations (Silver et al. 2005). In contrast, herbi-
cide weed control slows down regrowth of understory vegetation by eradicating both
above- and belowground biomass, which can lead to reduced organic matter input in
the soil and consequently reduced substrate for microbial biomass growth (Mendham
et al. 2002). Reductions in organic matter input and soil microbial biomass, as a con-
sequence of forest conversion to oil palm plantation, have led to reduction in gross N
mineralization rate in the soil (Allen et al. 2015). Until now, there has not been a sys-
tematic investigation in oil palm plantation on whether reduction in soil-N cycling and
soil fertility properties (e.g. soil organic carbon (SOC), total N, microbial biomass, ef-
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fective cation exchange capacity (ECEC), base saturation, bulk density, among others)
can be restored by reduction in management intensity.
To investigate soil nutrient cycling in an intensively managed oil palm plan-
tation, it is fundamental to account for the spatial variation caused by the standard
management practices (Carron et al. 2015, Haron et al. 1998, Rahman et al. 2018). In
most large-scale oil palm plantations, there are three distinct management zones: (1)
the area around the palm that is frequently weeded and raked where fertilizer is ap-
plied, hereafter called the palm circle; (2) the area between palm rows, which is weeded
less frequently to facilitate access to the palms, hereafter called inter-row; and (3) the
area where the pruned fronds are piled on every second inter-rows, serving like mulch,
hereafter called the frond-stacked area. Decomposition of the fronds can be an impor-
tant source of nutrients and organic matter to the soil (Frazão et al. 2014, Kotowska et
al. 2016), and so the frond-stacked area has a potential to support a substantial micro-
bial biomass (Haron et al. 1998). In the palm circle, where a large part of the oil palms’
net primary production is exported via harvest, litter input is mainly from weeding of
ground vegetation and from the palm roots that are highly dense within this manage-
ment zone (Nelson et al. 2006, Schroth et al. 2000), whereas the inter-rows have below-
and aboveground litter input mainly from the ground vegetation. These management
zones in large-scale oil palm plantation as well as the management intensity can thus
drive changes in microbial biomass, soil-N-cycling rates and soil fertility properties.
Assessing the link between management practices and soil-N-cycling rates will aid in
optimizing capital (e.g. fertilizer) inputs and reduce negative environmental effect, in
compliance with RSPO criteria.
In a large-scale oil palm plantation on inherently low-fertility Acrisol soil, we
investigated whether management zones differ in gross rates of soil-N cycling and
soil fertility properties, and whether 1.5 years of reduced fertilization and mechanical
weeding increase soil-N-cycling rates compared to the conventional high fertilization
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rate and herbicide weed control. Our first hypothesis was that the frond-stacked area
will have larger available C and microbial biomass, which drive higher rates of soil-N
cycling compared to the palm circle (with direct fertilization) and the inter-row (both
with low organic matter input). Our second hypothesis was that reduced fertiliza-
tion and mechanical weeding stimulate soil-N-cycling rates. This hypothesis is based
on the above-mentioned studies that chronic high N fertilization rates depressed mi-
crobial biomass in combination with our expectation that this effect would be less if
fertilizer rates were reduced. Furthermore, we expected that mechanical weeding will
lead to fast ground cover regeneration, which will enhance organic matter input and
microbial biomass. We tested our hypotheses by measuring gross rates of soil-N cy-
cling using the 15N pool dilution techniques in a large-scale, spatially replicated oil
palm management experiment.
2.2 Materials and Methods
2.2.1 Site description
Our study was conducted in a large-scale, state-owned oil palm plantation located in
the Batanghari regency, Jambi province, Indonesia (1° 43’ 8” S, 103° 23’ 53” E, elevation
of 73 m above sea level). The plantation encompassed 2025 ha, established between
1998 and 2002, and the palms were 16-20 years old during our study years of 2017-2018.
Planting density was approximately 142 palms ha-1 with 8-m spacing between palms
within and between rows. Mean annual air temperature in the study area is 26.7 ± 1.0
°C and mean annual precipitation is 2235 ± 385 mm (1991 – 2011; climate station at
the Jambi Sultan Thana airport of the Meteorological, Climatological and Geophysical
Agency). Climatic data measured at the plantation from March 2017 to February 2018
showed a mean daily air temperature of 26.3 °C and an annual precipitation of 2772
mm. In 2013, nutrient depositions through rainfall in the study area were 12.9 kg N,
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0.4 kg P, and 5.5 kg K ha-1 yr-1 (Kurniawan et al. 2018). The soil in the study area is
classified as Acrisol with a loam texture (Allen et al. 2015).
2.2.2 Experimental design
In November 2016, a full-factorial management experiment with two fertilization rates
and chemical and mechanical weed control was established in order to compare high
intensity with low intensity management practices. The experimental layout (Fig. 1)
was composed of four blocks as replicates (OM1, OM2, OM3, OM4), each with four
plots (50 m x 50 m each) that represented the four treatments: conventional fertilization
rate–herbicide (ch), conventional fertilization rate–mechanical weeding (cw), reduced
fertilization rate–herbicide (rh), and reduced fertilization rate–mechanical weeding
(rw).
Figure 1: Experimental set-up. OM1, OM2, OM3, and OM4 indicate the four
blocks, each with the four treatment plots (ch, cw, rh, and rw). Each treatment
plot was 50 m x 50 m.
The conventional fertilization rates were based on rates common to large-scale
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plantations on Acrisol soils in Jambi province (260 kg N ha-1 yr-1, 50 kg P ha-1 yr-1, and
220 kg K ha-1 yr-1) whereas the reduced rates were based on the nutrient exports by
harvest (136 kg N ha-1 yr-1, 17 kg P ha-1 yr-1, and 187 kg K ha-1 yr-1; see below). Fer-
tilizer sources were urea, triple superphosphate and muriate of potash. All treatments
received the same rates of lime (426 kg dolomite ha-1 yr-1) and micronutrients (142 kg
micro-mag ha-1 yr-1 with 0.5% B2O3, 0.5% CuO, 0.25% Fe2O3, 0.15% ZnO, 0.1% MnO
and 18% MgO), as these were the common rates practiced in large-scale plantations
on acidic Acrisol soils (Pahan 2010). Fertilizers were applied in the same way as done
in large-scale plantations: rates were split in two applications per year (commonly in
April and October), and applied within a 2-m radius of the palm circle after the area
was raked.
Weed control was done either by herbicide application (glyphosate), commonly
used in large-scale plantations, or by mechanical weeding (using a brush cutter) as re-
duced management practice. Glyphosate was applied at a rate of 1.5 L ha-1 yr-1 (split in
four applications in a year) to the palm circle, and 0.75 L ha-1 yr-1 (split in two applica-
tions in a year) to the inter-row. Mechanical weed control was carried out using a brush
cutter in the same areas and frequencies. The mechanical weeding removed only the
aboveground biomass, allowing fast ground cover regeneration, while the herbicide
eradicated above- and belowground vegetation parts, resulting to slow regeneration
of ground cover (Fig. S1).
Within each plot, we randomly selected one palm from the inner 30-m x 30-m
area. We stratified our measurements of gross rates of soil-N cycling according to the
three distinct management zones (Figs. 2 and S2): within the palm circle, the inter-
row and within the frond-stacked area. In total, we measured in 48 sampling points
(4 replicate blocks x 4 treatments x 3 management zones) in the study site (Figs. 1
and 2). For measurements of the soil biochemical characteristics, another randomly
selected palm was added for soil sampling (Fig. 2). Soil samples from the top 5-cm
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depth were then composited for each management zone per treatment plot, totaling to
48 composite soil samples.
Figure 2: Soil sampling design at each treatment plot. The blue crosses rep-
resent the sampling points for the soil-N-cycling measurements and the red
crosses represent the additional sampling points for the determination of soil
biochemical characteristics.
2.2.3 Calculation of reduced fertilization rates
The reduced fertilization rates were based on the amount of nutrients (N, P, K) ex-
ported from the plantation via harvest. To quantify the nutrient exports, we measured
nutrient contents in the harvested fruit bunches from the studied plantation prior to
the experiment. We selected 20 harvested fruit bunches at the plantation mill, sam-
pled them for fruits and stalks, and made three composite samples for fruits and three
composite samples for stalks. We used a subsample to measure gravimetric moisture
content, by oven-drying these plant samples at 60 °C until stable weights were attained
(5-7 days); the rest of the samples were oven-dried, ground, and analyzed for total N,
P and K contents. Total N contents were determined using a CN analyzer (Vario EL
Cube, Elementar Analysis Systems GmbH, Hanau, Germany). For total P and K con-
tents, samples were pressure-digested in concentrated HNO3, followed by analysis of
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the digests using the inductively coupled plasma-atomic emission spectrometer (ICP-
AES; iCAP 6300 Duo VIEW ICP Spectrometer, Thermo Fischer Scientific GmbH, Dreie-
ich, Germany). The fruits contained on average 0.5 g water g-1, 0.7% N, 0.9 mg P g-1,
and 3.8 mg K g-1; the stalks contained 4.6 g water g-1, 1.1% N, 1.1 mg P g-1, and 62.6 mg
K g-1. Based on the long-term yield records of our studied plantation, mean harvest
was 11 fruit bunches tree-1 yr-1, averaging 23 kg (fresh weight) per fruit bunch with
70% fruits and 30% stalks. Using the measured moisture content of the fruit bunch
above and the average planting density (142 trees ha-1), the mean yield was 17000 kg
dry fruits ha-1 yr-1 and 2000 kg dry stalks ha-1 yr-1. We multiplied these values with
the measured nutrient concentrations to obtain the mean nutrient exports by harvest
of 136 kg N, 17 kg P, and 187 kg K ha-1 yr-1. These values were used as the basis for the
reduced fertilization rates.
2.2.4 Gross rates of internal soil-N cycling
We measured the gross rates of soil-N cycling on intact soil cores of the top 5 cm min-
eral soil, using the 15N pool dilution technique with in-situ incubations (Davidson et
al. 1991). Measurements were conducted in February 2018, 1.5 years since the start of
the experiment and four months after the last fertilization and weeding. We measured
all treatments from one block (Fig. 1) on the same day. At each treatment plot, we
took five intact soil cores (8 cm diameter and 5 cm length) at each of the three man-
agement zones (Fig. 2). Two cores were injected with five 1-mL (15NH4)2SO4 solution
(containing 27 µg N mL-1 with 95% 15N enrichment) to measure gross rates of N miner-
alization and microbial NH4+ immobilization. Two other cores were injected with five
1-mL K15NO3 solution (containing 28 µg N mL-1 with 95% 15N enrichment) to measure
gross nitrification, microbial NO3- immobilization and dissimilatory nitrate reduction
to ammonium (DNRA). We used the remaining soil core to determine the background
levels of NH4+ and NO3- in the soil. From each pair of soil cores, one was extracted
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approximately 10 minutes after 15N injection (T0 cores) while the other intact core was
extracted after incubation for one day in a loosely closed plastic bag in the field (T1
cores; Fig. S2). The T0 cores were used to correct for reactions that occur immediately
after 15N injection.
Soil mineral N extraction from the T0 and T1 cores was done by mixing the
soil, removing roots, and placing a subsample into a pre-weighed bottle containing
150 mL 0.5 mol L-1 K2SO4 (approximately 1:3 ratio of fresh soil to solution). The bottles
were then shaken for 1 hour, and the solution was filtered through pre-washed (with
0.5 mol L-1 K2SO4) filter papers (4 µm nominal pore size). The extracts were frozen
immediately, stored in a freezer, and transported by airfreight to Germany, where they
were analyzed. Gravimetric moisture content was determined from each soil core, by
oven-drying at 105 °C for one day, and was used to calculate the dry mass of soils
extracted for mineral N.
Analyses of 15N from the extracts were done following the 15N diffusion proce-
dures outlined by Corre and Lamersdorf (2004). The 15N enrichment was determined
using isotope ratio mass spectrometer (IRMS; Delta Plus, Finnigan MAT, Bremen, Ger-
many). The NH4+ and NO3- concentrations in the extracts were determined by con-
tinuous flow injection colorimetry (SEAL Analytical AA3, SEAL Analytical GmbH,
Norderstadt, Germany): NH4+ was analyzed via salicylate and dicloroisocyanuric acid
reaction (Autoanalyzer Method G-102-93) and NO3- was analyzed with cadmium re-
duction method with NH4Cl buffer (Autoanalyzer Method G-254-02).
We calculated gross rates of soil-N cycling following the equations given by
Davidson et al. (1991) and (Hart et al. 1994b). Gross rates of N mineralization and
nitrification were calculated from the 15NH4+- and 15NO3--injected cores, respectively,
based on the dilution of 15N enrichments in the NH4+ or NO3- pools between the T0
and T1 cores. Microbial NH4+ immobilization was calculated as the difference between
gross N mineralization and gross nitrification, while NO3- immobilization was equal
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to NO3- consumption (Davidson et al. 1991). The DNRA rates were calculated from
the 15NO3--injected cores following the calculation procedures of Silver et al. (2001).
Turnover times of NH4+, NO3- and microbial biomass N (see below) were calculated
by dividing the pool with the flux rate.
2.2.5 Soil fertility characteristics
We determined microbial biomass C and N using the fumigation-extraction method
(Brookes et al. 1985, Davidson et al. 1991). We took a subsample (about 25 g fresh
soil) from the T1 cores and fumigated it with CHCl3 for six days, after which the soil
was extracted with 0.5 mol L-1 K2SO4 (approximately 1:5 ratio of fresh soil to solu-
tion) as described above. Organic C concentrations in the extracts were analyzed by
ultraviolet-enhanced persulfate oxidation with prior removal of inorganic C, using a
Total Organic Carbon Analyzer (TOC-Vwp; Shimadzu Europa GmbH, Duisburg, Ger-
many) with an infrared detector. Total N concentration in the extracts were measured
by ultraviolet-persulfate digestion followed by hydrazine sulfate reduction using con-
tinuous flow injection colorimetry (see above). Microbial biomass C and N were cal-
culated as the difference of organic C and N between the fumigated and unfumigated
samples, divided by kC = 0.45 for microbial biomass C and by kN = 0.68 for microbial
biomass N with a six-day fumigation (Brookes et al. 1985, Davidson et al. 1991). Also,
as an index of available organic C, we used the microbial utilized C, calculated as the
sum of NH4+ and NO3- immobilization rates multiplied by the microbial biomass C:N
ratio (Hart et al. 1994a).
Soil bulk density in the top 5 cm was measured using the same soil cores, and
the values were used to convert the gravimetric moisture content to water-filled pore
space, using a soil particle density of 2.65 g cm-3. Soil biochemical characteristics were
determined from the composite soil samples (taken from the top 5-cm depth) of each
management zone at each treatment plot (Fig. 2). Subsamples of the air-dried, sieved (2
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mm) soils were finely ground and analyzed for SOC (after removal of inorganic C, e.g.
palm circle, by acid fumigation; Harris et al. 2001) and total N concentrations using a
CN analyzer and for 15N natural abundance signatures using IRMS (described above).
The air-dried and sieved soils were used to measure pH in a 1:4 soil-to-water ratio, and
ECEC by percolating the soils with unbuffered 1 mol L-1 NH4Cl and measuring the
cations (Ca, Mg, K, Na, Al, Fe, Mn) in percolates using ICP-AES. Finally, we measured
the 15N natural abundance signatures of the decomposing fronds in the frond-stacked
area; we took four litter samples per plot, divided into leaflets and rachis, and the 15N
natural abundance was analyzed from dried and ground samples using IRMS.
2.2.6 Statistical analysis and comparison with smallholder oil palm
plantations and forest as the reference land use
We first checked each parameter for homogeneity of variance using Levene’s test and
log-transformed them in case of unequal variance. Normal distribution was tested
with the Shapiro-Wilk test and differences among treatments or management zones
were tested using one-way analysis of variance with Tukey HSD test for multiple
comparisons. For the parameters that showed non-normal distributions, differences
among treatments or management zones were tested using Kruskal–Wallis H test fol-
lowed by the multiple comparison extension test. To assess the relationships of soil-N-
cycling rates with soil biochemical parameters, we used Spearman rank correlation test
on the mean of the four replicate blocks per treatment, separated for each management
zone (n = 12; 4 treatments x 3 management zones). All statistical tests were considered
significant at p ≤ 0.05, except for microbial N for which we considered a marginal sig-
nificance at p = 0.07. All statistical analyses were carried out using R version 3.5.1 (R
Core Team 2019).
To gain additional insights on soil-N cycling with changes in management in-
tensity and land use, we compared the soil-N-cycling rates from our present large-scale
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oil palm plantation with those measured in smallholder oil palm plantations and low-
land forest sites (as the reference land use), reported by Allen et al. (2015), located in
the same climatic area and soil type as our large-scale plantation site. This earlier work
from our group used the same 15N pool dilution techniques for the same soil depth (top
5 cm) and similar measurement season (January-March 2013, rainy season) as in our
present study. Smallholder oil palm plantations have lower management intensity (i.e.
fertilization rates ranged from 48-88 kg N, 21-38 kg P and 40-73 kg K ha-1 yr-1; Allen et
al. 2015) and the frond-stacked area is not spatially distinct as in our large-scale plan-
tation. To compare our present measurements of soil-N-cycling rates in the large-scale
plantation with those from the smallholder plantations, we averaged the rates from
the palm circle and inter-row per treatment plot. The frond-stacked area was analyzed
separately because frond-stacked areas were indistinguishable in the smallholder plan-
tations. We converted the soil-N-cycling rates from soil mass basis (mg N kg-1 soil d-1)
to area basis (mg N m-2 d-1) using the measured soil bulk density, averaged for each
management zone. We used the same statistical tests mentioned above.
2.3 Results
2.3.1 Gross rates of soil-N cycling
After 1.5 year from the start of the management treatments, we did not detect any
differences in soil-N-cycling processes among the experimental treatments, stratified
according to management zone (p > 0.05; Table 1). One exception was NH4+ immo-
bilization in the frond-stacked area, which was lower in the rw than in the cw and rh
treatments (p ≤ 0.04; Table 1). We attributed this difference to a high proportion of
gross nitrification relative to gross N mineralization in the rw treatment, resulting in
low NH4+ immobilization (Table 1).
In contrast, we detected clear differences in soil-N-cycling rates among manage-
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ment zones, especially between the frond-stacked area and the other two zones (Table
1). Gross N mineralization, gross nitrification, and NH4+ and NO3- immobilization
rates were larger in the frond-stacked area compared to the palm circle and inter-row
(all p < 0.01), and gross N mineralization was higher in the inter-row compared to the
palm circle (p = 0.01; Table 1). The DNRA rates were higher in the palm circle than
in the inter-row (p = 0.05; Table 1), but they were generally low, ranging only from
3% (frond-stacked area) to 16% (palm circle) of the gross nitrification. Thus, microbial
NO3- immobilization was the main NO3- retention process. In the frond-stacked area,
most of the produced NH4+ was used for microbial NH4+ immobilization, whereas in
the palm circle and inter-row the importance of both NH4+ immobilization and gross
nitrification as fates of produced NH4+ were comparable (Table 1). The turnover times
were comparable among management zones, averaging 0.23 ± 0.03 days for NH4+,
0.34 ± 0.08 days for NO3- and 7.8 ± 0.5 days for the microbial N pool. Across treat-
ments and management zones, gross N mineralization and gross nitrification were
correlated (r = 0.86, p < 0.01, n = 12). DNRA did not show any correlation, either with
N-cycling processes or with soil fertility parameters (all p > 0.05).
Compared to the smallholder plantations, gross rates of mineral N production
and immobilization were larger in the frond-stacked area of the large-scale plantation
(all p ≤ 0.03; Fig. 3), while the inter-row and palm circle of the large-scale plantation
had comparable soil-N-cycling rates as those in the smallholder plantations (Fig. 3).
Mineral N production in the frond-stacked area was twice the rates of the forest, which
also drove the larger microbial N immobilization rates in the frond-stacked area than
the forest (p < 0.01; Fig. 3). DNRA was higher in the forest than in the frond-stacked
area (p = 0.02); however, this process of N retention (by converting NO3- to less mobile
NH4+) was consistently lower than NO3- immobilization in all land uses (Fig. 3).
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Chapter 2. Soil nitrogen cycle
Figure 3: Mean (± SE, n = 4 plots) gross rates of soil-N cycling (mg N m-2 d-1), and N
pools (mg N m-2, in black boxes), measured in the top 5-cm depth, in large-scale and
smallholder oil palm plantations and lowland forest (the latter taken from Allen et al.
2015), all on loam Acrisol soils in Jambi, Indonesia
Blue arrows represent soil-N production processes, green arrows represent soil-N re-
tention processes, and red arrows represent soil-N losses. For each parameter, different
letters indicate significant differences among land uses (one-way ANOVA with Tukey
HSD or Kruskal-Wallis H test with multiple comparison extension at p ≤ 0.05).
Soil N2O emissions (mg N m-2 d-1) and N leaching losses (mg N m-2 d-1, measured
at 1.5-m depth) were reported by Hassler et al. (2017) and Kurniawan et al. (2018),
respectively; NA – not available.
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2.3.2 Soil fertility characteristics
Soil fertility parameters in the top 5 cm did not show any treatment effect (all p >
0.05) but clearly differed among management zones. Microbial biomass N followed
a similar trend as gross N mineralization: higher in the frond-stacked area compared
to the other management zones (p < 0.01) and lower in the palm circle than in the
inter-row (p = 0.07; Table 1). Microbial biomass C was also higher in the frond-stacked
area than in the other zones (p < 0.01; Table1) and microbial biomass C:N ratio (14
± 4) did not differ among management zones (p = 0.26). The frond-stacked area had
higher available organic C, extractable organic N, SOC, total N, and ECEC compared
to the other zones (all p ≤ 0.04), whereas the palm circle showed higher ECEC than
the inter-row (p < 0.01; Table 2). The palm circle also had a higher base saturation and
pH compared to the other zones (both p < 0.01) whereas the frond-stacked area had
higher base saturation than the inter-row (p = 0.02) but comparable pH (p = 0.44; Table
2).
Soil bulk density was lower in the frond-stacked area than the other zones (p <
0.01) whereas this was comparable between the palm circle and inter-row (p = 0.89).
The water-filled pore space and soil temperature showed little variation and were com-
parable among zones (all p > 0.05; Table 2). Soil 15N natural abundance was lower in
the frond-stacked area (p < 0.01) than the other zones whereas the palm circle and
inter-row showed comparable values (p = 0.11; Table 2). The leaf litter in the frond-
stacked area was depleted in 15N natural abundance with higher values for the leaflets
than the rachis (Table 2).
Mineral N production rates (mineralization and nitrification) in the soil were
strongly correlated with microbial biomass N (r = 0.93-0.95, all p < 0.01, n = 12) which,
in turn, was positively correlated with available organic C and extractable organic N
(r = 0.74-0.87, p < 0.01, n = 12) and negatively correlated with the soil 15N natural
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abundance signatures (r = -0.85, p < 0.01, n = 12). Available organic C and extractable
organic N were also correlated with soil organic C and total N (r = 0.76-0.78, p < 0.01,
n = 12), of which the latter were correlated with ECEC (r = 0.60-0.77, p ≤ 0.04, n = 12).
Table 2: Soil fertility and physical characteristics (means ± SE, n = 4 plots) measured






Available organic C (mg C kg-1 d-1) 279 ± 54 a 51 ± 7 b 42 ± 12 b
Extractable organic N (mg N kg-1) 15.5 ± 2.2 a 6.5 ± 0.6 b 3.9 ± 0.3 b
Soil organic C (g C kg-1) 47.6 ± 5.3 a 12.2 ± 0.6 b 11.9 ± 1.4 b
Total N (g N kg-1) 2.9 ± 0.3 a 0.9 ± 0.1 b 0.8 ± 0.1 b
Soil C:N ratio 16.0 ± 0.3 a 14.1 ± 0.2 b 15.1 ± 0.3 ab
ECEC (mmolc kg-1) 113 ± 13 a 22 ± 2 c 72 ± 7 b
Base saturation (%) 96 ± 1 b 59 ± 6 c 100 ± 0 a
pH (1:4 H2O) 5.33 ± 0.12 b 5.17 ± 0.06 b 6.51 ± 0.05 a
Bulk density (g cm-3) 0.52 ± 0.06 a 1.20 ± 0.04 b 1.23 ± 0.04 b
Water filled pore space (%) 36.6 ± 1.3a 34.6 ± 1.1 a 31.5 ± 0.8 a
Temperature (°C) 26.0 ± 0.3 a 25.5 ± 0.4 a 25.8 ± 0.5 a
Soil δ15N natural abundance (h) 2.3 ± 0.3 b 4.3 ± 0.2 a 5.0 ± 0.1 a
Leaf litter δ15N natural abundance (h)
leaflets -0.2 ± 0.5
rachis -1.6 ± 0.3
For each parameter, different letters indicate significant differences among manage-
ment zones (one-way ANOVA with Tukey HSD or Kruskal-Wallis H test with multiple
comparisons extension at p ≤ 0.05).
Available organic C = total N immobilization x microbial C:N ratio.
ECEC = effective cation exchange capacity.
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2.4 Discussion
2.4.1 Differences among management zones and effect of manage-
ment practices
The clear differences among management zones, specifically the frond-stacked area
with large soil-N-cycling rates, microbial biomass (Table 1), available organic C, SOC,
total N and ECEC (Table 2), supported our first hypothesis. Other studies in large-scale
oil palm plantations in Southeast Asia, with similar age as our studied plantation, re-
ported that the frond-stacked area had higher microbial biomass, SOC and N contents
(although soil-N cycling was not measured) compared to the other management zones
(Haron et al.,1998). Other studies, however, did not detect differences in SOC and N
contents between management zones (Tao et al. 2016) or even found higher SOC in the
palm circle compared to the frond-stacked area (Carron et al. 2015). In our study site
as well as in the study by Haron et al. (1998), the senesced fronds were piled on the
inter-row whereas in studies that found contrasting results (Tao et al. 2016, Carron et
al. 2015) the fronds were distributed around the palms. The latter practice, however,
is uncommon in oil palm plantations in Jambi province, as it hinders easy access to the
palms during harvesting.
At our site, high SOC and total N in the frond-stacked area were corroborated
by high available organic C and extractable N (Table 2), altogether due to the large
organic matter input from decomposing fronds. The low bulk density in the frond-
stacked area (Table 2) was also in line with the high organic matter contents (Table
2). Approximately 9.8 Mg dry matter ha-1 yr-1 of pruned fronds are stacked in this
area at a rate of 20-24 fronds tree-1 yr-1 (Aljuboori 2013; Corley and Tinker 2016). The
regular addition of senesced fronds on the frond-stacked area was also reflected in its
low soil 15N natural abundance (Table 2) as the senesced palm fronds were depleted
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in 15N (Table 2), which reflects the low 15N natural abundance signature of the applied
urea taken up by the palms (-2.2 ± 0.03 h; Corre et al. 2010). The correlation of SOC
and total N with ECEC showed the importance of organic matter as a main contributor
to the ECEC (particularly for the frond-stacked area) of highly weathered Acrisol soils
(Sanchez and Logan 1992). In other studies, mulching the soil with empty fruit bunches
from palm oil processing has also improved soil biochemical characteristics (Abu Bakar
et al. 2011, Tao et al. 2016). These results showed that mulching with senesced fronds
in the frond-stacked areas of plantations, instead of exporting or burning them, can
recover soil-N cycling and fertility (i.e. increases in microbial biomass, SOC, total N,
ECEC and base saturation) in this otherwise inherently nutrient poor, Acrisol soils
(Allen et al. 2016).
Contrary to our second hypothesis, we did not detect any effect of the manage-
ment intensity treatments on soil-N-cycling rates (Table 1) and soil fertility characteris-
tics. This may be due to the fact that the reduced management still added a substantial
amount of nutrients to sustain high production. Also, the reduced management was
established only 1.5 years before we conducted our measurements as opposed to the
prior conventional management that had already been employed since the plantation
establishment in the last 16-20 years. Similarly, an experiment on understory vegeta-
tion manipulation in a large-scale oil palm plantation in Riau province, Indonesia, did
not show any effect on soil characteristics after two years of treatment (Ashton-Butt
et al. 2018). Other studies that investigated effects of nutrient manipulation on soil N
cycle in the tropics did not detect effects after one year of treatment (Corre et al. 2010,
Silver et al. 2005) but only after 3-4 years (Baldos et al. 2015, Corre et al. 2014) and more
clearly after 9-11 years (Corre et al. 2010, Hall and Matson 1999). Therefore, we expect
that treatment effects on soil nutrient cycling and fertility characteristics may emerge
only after this management experiment has continued for several more years. Also,
the first two years of our management intensity manipulation did not result in yield
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difference among treatments (Darras et al. 2019); however, a long-term effect on yield
is fundamental to evaluate the profitability of the reduced management practices.
2.4.2 Controls on soil N cycle and comparison with smallholder plan-
tations and forests
Microbial biomass amount was the main driver of the soil N cycle in our studied plan-
tation, as indicated by the strong correlation of soil-N-cycling rates with microbial
biomass N. The correlations of microbial N with available organic C and extractable
organic N, as well as with SOC and total N, suggest that microbial biomass was mainly
regulated by the input of organic matter. Other studies on litter manipulations have re-
ported a reduction in microbial biomass with litter removal from tropical forests (Leff
et al. 2012, Sayer et al. 2007) and tree plantations (Li et al. 2004, Mendham et al. 2002).
The high soil 15N natural abundance in the palm circle and inter-row (Table 2) signi-
fied a highly decomposed organic matter as a consequence of reduced litter inputs in
these zones (Craine et al. 2015), which resulted in lower microbial biomass and soil-
N-cycling rates compared to the frond-stacked area (Table 1). The reduced vegetation
cover in the palm circle, due to regular weeding and raking (see Methods section), may
have further constrained microbial biomass compared to the inter-row (Table 1), and
led to lower gross N mineralization rates (Table 1). The microbial biomass in the palm
circle remained low despite the high base saturation (Table 2), resulting from liming
and K fertilization. Therefore, management practices should aim at increasing the in-
put of organic matter to the soil in order to enhance microbial biomass and promote
the soil N cycle.
The fast turnover times of mineral N and microbial N pools in this large-scale
plantation indicated a highly dynamic cycling of N in the soil. In the frond-stacked
area, microbial immobilization was the main consumption process of produced min-
eral N (Table 1), which was mirrored by a large N demand by a large microbial biomass
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and available organic C (Table 2; Hart et al. 1994a). This efficient mechanism of N re-
tention could result in low gaseous and leaching losses of N from the frond-stacked
area. In contrast, in the inter-row and palm circle nitrification became a more impor-
tant process relative to NH4+ immobilization. Chronic N fertilization promotes gross
nitrification despite a reduction in microbial biomass (Baldos et al. 2015, Corre et al.
2010, Zhang et al. 2013). It is important to note that our measured soil-N-cycling rates
represented soil conditions beyond the pulse effects of N-fertilizer application, which
generally caused elevated mineral N concentrations for only six weeks following fer-
tilization (Hassler et al. 2017). Thus, the low soil-N-cycling rates in the palm circle
(Table 1), where fertilizers were applied, suggest that excess N from pulse N-fertilizer
application may move down in the soil profile and may be potentially retained in the
subsoil by the anion exchange capacity inherent to Acrisol soils (Lehmann et al. 2004)
or eventually lost through leaching (Tung et al. 2009) and in gaseous form (Fig. 3,
Hassler et al. 2017). The low gross N mineralization in the palm circle signified the
inherently low N-supplying capacity of the soil in this intensively managed area, and
illustrated its dependence on chemical fertilizer inputs to maintain palm growth.
The larger gross rates of mineral N production in frond-stacked area compared
to the smallholder oil palm plantations (Fig. 3) attested the recovery of the soil’s N-
supplying capacity when organic matter is restored. On the contrary, the lower total N
and microbial N contents in the palm circle and inter-rows of the large-scale plantation
compared to smallholder plantations (Fig. 3) suggest that the highly intensive man-
agement practices in the large-scale plantation, particularly in these two zones, had
a larger impact on reducing organic matter than the lower intensity of management
in the smallholder plantations. The larger gross nitrification in the frond-stacked area
compared to forest (Fig. 3) could be the result of increased abundance of nitrifiers in the
soils from increased N mineralization of nutrient-rich leaf litter. This is supported by a
study in the same area that recorded higher abundance of nitrification-related taxa in
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oil palm plantations compared to forest (Berkelmann et al. 2018). Furthermore, the de-
creased DNRA (relative to nitrification and NO3- immobilization) in the frond-stacked
area compared to forest (Fig. 3) suggests a functional shift, which may be driven in
part by changes in microbial community composition. In the same forest and small-
holder oil palm sites, the bacterial community in the soil shifted from proteobacterial
groups in the forest to Acidobacteria in oil palm plantations with higher diversity of
the soil prokaryotic communities in oil palm than in forest (Schneider et al. 2015). The
larger microbial C and C:N ratio in the frond-stacked area (Table 1) compared to the
forests (microbial C of 514 ± 48 mg C kg-1 and microbial C:N ratio of 7.2 ± 0.3; Allen et
al. 2015) may explain the larger N immobilization rates in the frond-stacked area com-
pared to the forest (Fig. 3), as immobilization can be fueled by increased availability
of organic matter (Table 2; Booth et al. 2005, Hart et al. 1994a). Altogether, these find-
ings indicated that mulching with senesced fronds in frond-stacked areas of oil palm
plantations can be an effective practice to restore soil-N-cycling rates and microbial
biomass size to levels comparable with, or even higher than, the forest.
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2.5 Conclusion
At this early stage of this management experiment in a large-scale oil palm plantation,
our study revealed that nutrient cycling can be sustained by retaining the litter in the
plantation. For this inherently nutrient-poor Acrisol soil, this can reduce dependency
on large fertilizer and liming inputs. Management practices should aim at increasing
the return of litter and other organic by-products of palm oil production to the soil in
order to promote microbial biomass and nutrient recycling. Supporting soil-N-cycling
rates with measurements of functional diversity of microbial community and N losses
(e.g. gaseous emissions and leaching) would be an important next step to quantify
N retention efficiency, yield response efficiency, and to extend our understanding on
how to manage better the functional diversity of the soil microbiome to sustain fertility.
This management experiment warrants further investigation on whether long-term
reduction in management intensity can minimize the environmental footprint while
maintaining productivity and profit. Our findings on the benefits of using senesced
fronds for soil mulching can be used as one field criterion for RSPO certification of soil
nutrient management. Investigations on other nutrient-rich by-products of oil palm
processing, e.g. empty fruit bunches, are also needed to explore other measures for
decreasing dependency on chemical fertilizers while restoring soil nutrient cycling.
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2.6 Supplementary material
Figure S1: Plots with conventional fertilization–herbicide treatment (a), and with re-
duced fertilization–mechanical weeding (b), taken in February 2017 four months after
the latest treatment application, in a large-scale oil palm plantation in Jambi province,
Indonesia.
Figure S2: Intact soil cores incubated in the field for measurements of gross rates of
soil-N cycling at each management zone: frond-stacked area (a), inter-row (b), and
palm circle (c).
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Abstract
Asymbiotic N2 fixation can be an important source of N to crops but little is known
about this process in tropical agricultural systems, like oil palm plantations. The inten-
sive management practices typical of large-scale oil palm plantations are likely to affect
asymbiotic N2 fixation. We assessed the effect of management practices on asymbiotic
N2 fixation in soil and litter and we investigated the role of nutrients in regulating
this process. We compared soil asymbiotic N2 fixation rates three zones in the plan-
tation, characterized by different management: the fertilized and weeded palm cir-
cle, the weeded inter-row and the mulched frond-stacked area. Also we established a
management experiment with four treatment combinations: conventional fertilization
(260 N, 50 P, 220 K kg ha-1 yr-1) with herbicide spraying (2.25 L glyphosate ha-1 yr-1),
conventional fertilization with mechanical weeding, reduced fertilization (136 N, 17 P,
187 K kg ha-1 yr-1) with herbicide spraying, and reduced fertilization with mechanical
weeding. We measured asymbiotic N2 fixation in the litter (the frond pile) and in the
top-5-cm soil once a month for one year, using the acetylene reduction assay. Soil and
litter properties were also measured. The results showed no clear trend among ex-
perimental treatments but clear differences (p < 0.01) among management zones with
higher rates in the palm circle and lower rates in the frond-stacked area, and inter-row
in between. The soil N content and pH were the main factors determining these dif-
ferences. Asymbiotic N2 fixation in litter was higher than in the soil, but, given the
limited amount of litter in the plantation, the contribution to the plantation N budget
was limited.
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3.1 Introduction
The main natural pathway through which N enters the ecosystem in a plant-available
form is biological N2 fixation (Galloway et al. 1995). This is carried out by special-
ized microorganisms, known as diazotrophic bacteria, which can occur as symbionts
of leguminous plants or free-living in soil and litter. Asymbiotic N2 fixation, carried
out by free-living diazotrophic bacteria, is nearly ubiquitous in terrestrial ecosystems,
and can represent the main source of fixed N, especially in ecosystems where symbiotic
N-fixing plants are not abundant (Cleveland et al. 1999, Reed et al. 2011). While trop-
ical forests have the highest N2 fixation rates among terrestrial ecosystems (Cleveland
et al. 1999), asymbiotic N2 fixation in tropical agricultural ecosystems is highly uncer-
tain. Oil palm is one of the most important tree cash crop, being the world´s leading
vegetable oil (Carter et al. 2007), with a rapid expansion in the last two decades from 6
to 20 Million ha between 1990 to 2015, accounting for 12 % of the total permanent crop-
land (FAO 2018). This expansion has been especially remarkable in Indonesia, where
the planted area covers approximately 9 Million ha (FAO 2018), distributed mainly in
the islands of Sumatra and Kalimantan (Directorate General of Estate Crop 2017). The
high productivity of oil palm plantations is dependent on chemical fertilizer input.
Compared to tropical forests, oil palm plantations have lower natural input of N into
the soil, because of lower return of N thought litterfall, lower N mineralization from
organic matter and in general reduced nutrient cycling functions, from vertebrates, to
invertebrates, to N-fixing bacteria (Allen et al. 2015, Barnes et al. 2017, Kotowska et al.
2016, Schneider et al. 2015). Also, oil palm plantations have lower plant diversity than
forests, including leguminous species, which are absent in mature oil palm plantations
(Corley and Tinker 2016, Rembold et al. 2017), with consequently minimal symbiotic
N2 fixation. Therefore, our study aimed to measure asymbiotic N2 fixation in an oil
palm plantation to evaluate the importance of this pathway as a natural source of N
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to the soil, and its potential to decrease the dependency on chemical fertilizer input.
We investigated asymbiotic N2 fixation in soil and in litter, which is represented by
senesced fronds piled up on the soil, since these nutrient-rich substrates (Kotowska et
al. 2016) have not been investigated on their N-fixing capacity; we worked in Sumatra,
where oil palm plantations are one of the dominant agricultural ecosystem.
Large-scale oil palm plantations are typically intensively managed, with high
rates of fertilization and herbicide application for weed control. These management
practices are likely to affect asymbiotic N2 fixation, as they alter the nutrient and or-
ganic matter input to the soil. Fertilization with N can suppress asymbiotic N2 fixation
(Barron et al. 2009, Matson et al. 2015), as the energy costly N2 fixation by free-living
diazotrophic bacteria no longer provides a competitive advantage (Hedin et al. 2009).
Nevertheless, in some exceptional case, where N is strongly limiting, there can be no
inhibitory effect of N fertilization, as the quantity added does not exceed the ecosystem
demand for N (Reed et al. 2007). On the other hand, intensive weeding practices can
influence asymbiotic N2 fixation by altering the biomass and composition of the un-
derstory vegetation in oil palm plantations (Darras et al. 2019, Luke et al. 2019) which,
in turn, affect the organic matter input as well as water infiltration and retention in
the soil. A positive relationship between asymbiotic N2 fixation and soil C concen-
trations have been reported (Hofmockel and Schlesinger 2007, van Langenhove et al.
2019), which indicates the role of C availability as energy source for the free-living N-
fixing bacteria. Moreover, high moisture content can stimulate asymbiotic N2 fixation
in soil and litter (Cusack et al. 2009, Matson et al. 2015) by reducing oxygen con-
centration that favors the activity of oxygen-sensitive nitrogenase enzyme (Hofmockel
and Schlesinger 2007). Based on these, we expect that a reduction of fertilization and
weeding intensity could positively impact asymbiotic N2 fixation directly, through a
reduction of the inhibitory effect of N application, and indirectly, by promoting under-
story vegetation with the associated positive effects.
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Finally, intensive management practices of large-scale oil palm plantations cre-
ate a very defined spatial structure with three distinct management zones: (1) the palm
circle, an area around the palm´s trunks where fertilizers are applied and regularly
weeded; (2) the inter-row, an area between palm rows that is not fertilized but weeded;
and (3) the frond-stacked area, where the pruned fronds, which are cut regularly to
facilitate harvesting, are used as mulch on the soil at every second inter-rows. The dif-
ferent management of these zones allow the investigation of the effect of management
practices (i.e. fertilization, weeding, and mulching) on asymbiotic N2 fixation. These
three management zones differ in soil physical and chemical properties (Haron et al.
1998, Rahman et al. 2018, Rüegg et al. 2019) as well as internal soil-N cycling rates
(Chapter 2), and thus provide a platform for evaluating the roles of nutrient availabil-
ity on regulating soil asymbiotic N2 fixation.
This study aimed to address the knowledge gap on one of the natural pathways
of N input in oil palm plantations. We aimed to quantify asymbiotic N2 fixation, to
assess the relationships with nutrient availability and to evaluate the impact of agri-
cultural management practices. The hypothesis of this study are that (1) the different
nutrient availability of the management zones will result in differences in soil asym-
biotic N2 fixation rates and that (2) reduction of management intensity (i.e. reduced
intensity of fertilization and weeding) will stimulate asymbiotic N2 fixation in soil and
litter because of reduction of N inputs and increase of understory vegetation
3.2 Materials and Methods
3.2.1 Study site and experimental design
This study was conducted in a large-scale oil palm plantation in Jambi province, In-
donesia (1° 43’ 8” S, 103° 23’ 53” E, elevation 73 m above sea level) with a highly
weathered Acrisol (Allen et al. 2015). The climate in the area has mean annual tem-
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perature of 26.7 ± 1.0 °C and mean annual precipitation of 2235 ± 385 mm (1991–2011;
climate station at the Jambi Sultan Thana airport of the Meteorological, Climatologi-
cal and Geophysical Agency). The climatic data measured during our study period
(March 2017-February 2018) showed a mean daily air temperature of 26.3 °C and an-
nual precipitation of 2772 mm. Total nutrient deposition through rainfall, measured in
2013, was 12.9 kg N, 0.4 kg P, 5.5 kg K ha-1 yr-1 (Kurniawan et al. 2018). This large-
scale (2025 ha) oil palm plantation was established between 1998 and 2002, such that
the palms were 16-20 years old during the study period. The palms were planted in
rows at 8 m distance between rows and between palms in a row, with average planting
density of 142 palms ha-1.
We established a management experiment in this oil palm plantation, starting
in November 2016, with a 2 x 2 full-factorial treatments on fertilization rates (i.e. con-
ventional high rates versus reduced rates based on harvest export) and weed control
(i.e. herbicide versus mechanical weeding), resulting in four treatments combinations.
These treatment combinations were assigned randomly to each of the four plots (50 m
x 50 m each) within each of the four block replicates. The minimum distance between
blocks was 200 m and between plots within a block was 70 m. The conventional fer-
tilization rates, commonly used by large-scale plantations in Jambi province, were 260
N, 50 P, 220 K kg ha-1 yr-1, and for the reduced fertilization rates were 130 N, 17 P, 187
K kg ha-1 yr-1.
These reduced rates were determined to compensate for nutrients exported with
the harvested fruit bunches at the studied plantation. The nutrient contents in the
fruit bunches was determined as follows: 20 fruit bunches were sampled at the plan-
tation mill, separately for fruits and stalks, and measured for total N, P, and K con-
tents. Total N was analyzed from dried (60 °C ), ground samples using a CN ana-
lyzer (Vario EL Cube, Elementar Analysis Systems GmbH, Hanau, Germany) and to-
tal P and K were determined from dried, ground samples by pressure digestion with
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concentrated HNO3 and analyzed using an inductively coupled plasma-atomic emis-
sion spectrometer (ICP-AES; iCAP 6300 Duo VIEW ICP Spectrometer, Thermo Fischer
Scientific GmbH, Dreieich, Germany). The nutrient exports were calculated by up-
scaling the measured nutrient concentrations in fruits and stalks with the long-term
yield record of the plantation.
Fertilizer sources were urea for N, triple superphosphate for P, and muriate of
potash for K; application was done twice per year (in April and October) within a 2-m
radius around the palm (palm circle). Lime (426 kg dolomite ha-1 yr-1) and micronutri-
ents (142 kg micro-mag ha-1 yr-1 with 0.5% B2O3, 0.5% CuO, 0.25% Fe2O3, 0.15% ZnO,
0.1% MnO and 18% MgO) were also applied together with the N, P and K fertilizers,
as normally practiced in large-scale oil palm plantations on acidic soils (Acrisol) in the
region. As to the weed control treatments, the herbicide weeding used 1.5 L glyphosate
haha-1 yr-1, split in four applications per year and applied within the palm circles, and
0.75 L glyphosate ha-1 yr-1, divided in two applications per year and applied on the
inter-rows. Mechanical weeding was carried out using a weed whacker to weed out
the aboveground understory vegetation within the palm circles and inter-row in the
same annual frequency as that of the herbicides.
For soil biochemical characteristics and asymbiotic N2 fixation, we selected two
subplots in each plot and sampled in the top-5-cm depth at the three distinct man-
agement zones: (1) within the fertilized palm circle, (2) in the inter-row without di-
rect fertilization, and (3) in the frond-stacked area, which was every second inter-row,
mulched with senesced frond (Fig. 1). For the frond litter characteristics and asymbi-
otic N2 fixation, samples were taken from stacked frond piles (Fig. 1) and measured
separately for leaflets and rachis, as these parts differ in macronutrient concentrations
(Moradi et al. 2014). In total, there were 96 intact soil cores and 48 frond litters for
measurements of asymbiotic N2 fixation, water content, and mineral N (see sections
2.2 and 2.3) during each measurement period.
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Figure 1: Sampling design within a treatment plot in a large-scale oil palm
plantation. Two subplots (in green) were selected: top 5-cm mineral soil was
sampled in each management zone per subplot (blue crosses) and litter was
sampled from the frond stack in one subplot (red cross).
Soil characteristics (gross N mineralization, pH, effective cation exchange ca-
pacity, base saturation) were measured one time in February 2018, 1.5 years after the
start of the treatment and were reported in our early work (Chapter 2, Table S1). We
investigated the relationship between asymbiotic N2 fixation and gross N mineraliza-
tion, as this is a proxy for N availability in the soil. Litter parameters (moisture, C and
nutrient contents) were measured four times in September, October, November 2017,
and in February 2018.
3.2.2 Measurements of asymbiotic nitrogen fixation
We measured asymbiotic N2 fixation from intact soil cores and frond litter using the
C2H2 reduction method (Hardy et al. 1968). Measurements were conducted in all plots
and management zones generally once a month from March 2017 to March 2018, except
in August 2017 for the soil and March, June, August and December 2017 for the frond
litter, due to logistical problems. All plots within a block were measured on the same
day. From every sampling location (Fig. 1), we took one intact soil core (123 cm3) in the
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top 5 cm and collected litter sample from the piled fronds, which was separated into
leaflets and rachis. The samples were immediately placed in air-tight incubation glass
jars (0.94 L volume), equipped with rubber septa for gas sampling of the headspace.
In each jar, we exchanged 10% of the headspace air with C2H2, which was previously
scrubbed in the laboratory by flowing through 98% H2SO4 and 5 M NaOH (Hyman
and Arp 1987). On each sampling day, one empty jar (without a soil core or litter) was
also incubated the same as the samples to measure the background levels of ethylene
(C2H4). The jars were partially buried in the soil to incubate in situ for 24 h. During
this period, three gas samples (20 mL) were taken from each jar at 1, 3 and 24 h after
C2H2 injection, using a gas-tight syringe, and injected into 12 mL pre-evacuated glass
exetainers (Labco Limited, Lampeter, United Kingdom). These exetainers, which were
tested to be leak proof from our previous work (Hassler et al. 2015), were transported
to University of Göttingen, Germany, where they were analyzed for C2H4 concentra-
tions using a gas chromatograph with a flame ionization detector and an autosampler
(SRI 8610C, SRI Instruments Europe GmbH, Bad Honnef, Germany). We determined
the C2H4 concentrations based on standard calibration curves (R2 ≤ 0.99) established
from various C2H4 concentrations, which we prepared by mixing C2H4 (99.5% pu-
rity, Westfalen AG, Münster Westfalen, Germany) with N2. Background levels of C2H4
from empty jars on each sampling day, ranging from 0.02 to 9.25 µL L-1 across the
measurement period, were subtracted from the C2H4 concentrations of the incubated
samples. Rates of C2H4 production were calculated as the slope of the regression line
between C2H4 concentrations and incubation time; rates were considered equal to zero
if the changes in C2H4 concentrations over the incubation period were lower than the
minimum detectable concentration (MDC) on that sampling day, calculated as MDC =
3 x standard deviation of the background C2H4 concentrations in the empty jars. At the
end of the incubation period, the samples were brought to the field station (30 minutes
from the study site) to determine the field-moist weights and the gravimetric moisture
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contents by taking subsamples for oven-drying at 105 °C for 24 h for the soil and at
70°C for 48 h for the litter. We expressed the C2H4 production rates on dry mass soil or
litter. To convert the measured rates to ground area basis, we measured the soil bulk
density in the top 5 cm with the core method (Blake and Hartge 1986), and the litter
amount by determining the dry mass of 10 frond samples (divided into leaflets and
rachis) taken within 1 m x 1 m section of the piled fronds in each plot. Annual rates
were calculated for each plot and each management zone for the soil and frond litter
by linear interpolation of monthly measured rates and sampling day intervals during
the whole year.
As additional support of this C2H2 reduction method, we tested the soil and
frond litter for endogenous C2H4 production, as suggested by Nohrstedt (1983). This
test was performed by taking intact soil cores from the three management zones in
two treatments, selected for their most contrasting management intensities (i.e. con-
ventional fertilization-herbicide and reduced fertilization-mechanical weeding), with
four replicate plots (total of 24 soil cores) as well as frond litters, and incubating them
in glass jars with headspace concentrations of 0.05% of C2H2 (Nohrstedt 1983). We
found no production of C2H4 during the 24-h incubation period. We also tested the
soils for endogenous C2H4 consumption by incubating intact soil cores in glass jars
with headspace concentrations of 0.001% C2H4 for 24 h (Keuter et al. 2014), and no
C2H4 consumption was detected.
3.2.3 Determination of conversion factor of ethylene production to
nitrogen fixation and controlling factors of asymbiotic nitrogen
fixation
We determined the conversion factor of C2H4 production to N2 fixation by calibrat-
ing the C2H2 reduction method with 15N2 fixation, measured in parallel incubations
in the field. We selected three sampling locations that exhibited high rates of C2H2
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reduction and we took three intact soil cores as well as three sets of litter samples,
separated for leaflets and rachis. One set of these samples was incubated for C2H2
reduction assay, as described above, and the other two sets for 15N2-fixation measure-
ments. For the latter, one set of samples was incubated in the same glass jars described
above with ambient air and the other set with 15N enriched air, obtained by exchanging
100 mL of the headspace with 15N2 (98% 15N, Cambridge, Isotope Laboratories, Inc.).
We measured the O2 concentrations in the headspace every day during the incubation
period, using an Oxymeter (Greisinger GmbH 3691, Greisinger Messtechnik GmbH,
Regenstauf, Germany). We stopped the incubation when O2 concentrations in the jars’
headspace had decreased, resulting in 4-days incubation for leaflets, 3-days incubation
for rachis and 10-days incubation for soil cores. For both sets of samples, with and
without 15N2, headspace samples (20 mL) were taken at the beginning and at the end
of the incubation, and these were analyzed for 15N2 enrichment with an isotope ratio
mass spectrometer (IRMS, Finnigan Deltaplus XP, Thermo Electron Corporation, Bre-
men, Germany). After the incubation, the soil and litter samples were air-dried, sieved
(for the soil), ground and analyzed for total N using a CN analyzer (Vario EL Cube, El-
ementar Analysis Systems GmbH, Hanau, Germany) as well as 15N enrichment using
an IRMS. We calculated 15N2 fixation following Keuter et al. (2014):
15N f ix = (15Ne −15 Nra)× (15NN2 −15 Na)−1 × (N)× (t)−1 × (m)−1
where 15Nfix = N2 fixation rate (mol N2 kg-1 d-1); 15Ne = atom % 15N of the sample
incubated with 15N2-enriched headspace; 15Nra = atom % 15N natural abundance of the
sample incubated with ambient air; 15NN2 = average atom % 15N of the headspace of
the 15N2-enriched sample at the start and end of incubation period; 15Na = atom % 15N
natural abundance of the headspace of the unlabeled sample; N = total N concentration
of the sample incubated with 15N2-enriched headspace (mg N kg-1); t = incubation time
63
Chapter 3. Asymbiotic nitrogen fixation
(d); m = molar mass of N2 (mg mol-1). The conversion factor was calculated as the ratio
between C2H4 production (measured from the C2H2 reduction assay in mol C2H4 kg-1
d-1) and 15Nfix.
On each measurement date, parallel to the incubations for N2 fixation, we took
one intact soil core (250 cm3) in the top 5 cm and one hand-collected litter sample
on the same sampling locations for determination of extractable N. The soil core was
broken up directly in the field and mixed in a plastic bag, and large roots were re-
moved. We extracted immediately the soil and separately the litter by placing a sub-
sample into prepared extraction bottles containing 150 mL of 0.5 M K2SO4 solution.
These bottles were brought to the laboratory, shaken for 1 hour, and filtered through
K2SO4-prewashed filter papers (4 µm nominal pore size). The extracts were imme-
diately frozen and kept frozen during the transport to the University of Göttingen,
Germany. The N concentration in the extracts was measured by ultraviolet-persulfate
digestion followed by hydrazine sulfate reduction using a continuous flow injection
colorimetry (SEAL Analytical AA3, SEAL Analytical GmbH, Norderstadt, Germany).
Also, C and nutrient contents were measured in the litter from samples of four months
(September, October, November 2017, and February 2018), which were air-dried and
ground after the incubation for C2H2 reduction measurements. Total C and total N
were measured with a CN analyzer (described above) and other nutrients (P, Mo, Ca,
Mg, K, Na, Al, Fe, Mn) by pressure digestion as decribed above.
3.2.4 Statistical analyses
Differences in asymbiotic N2 fixation among treatments and management zones were
tested on the monthly measurements (including zero rates of N2 fixation) and on the
annual values as these were trapezoidal interpolations. We used linear mixed effect
(LME) models (Pinheiro et al. 2019) from the log-transformed rates of asymbiotic N2
fixation as these data showed non-normal distribution. In LME models, treatment or
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management zone was considered as fixed effect whereas replicate plot with nested
subplot and sampling day were considered as random effects. Fixed effect was as-
sessed with one-way analysis of variance (ANOVA) followed by Tukey HSD test for
multiple comparisons. To assess temporal relationships with controlling factors across
the measurement period, we used the Spearman rank correlation test between asymbi-
otic N2 fixation with extractable N and moisture content separately for each manage-
ment zone as well as for frond rachis and leaflets; this test used the average of replicate
plots on each sampling day, and thus for soil n = 48 (12 monthly measurements x 4
treatments), and for frond litter n = 32 (8 monthly measurements x 4 treatments). For
spatial relationships with controlling factors across replicate plots and management
zones, we tested correlations of asymbiotic N2 fixation with extractable N and mois-
ture content (using their averages over the measurement period) as well as with the
soil and litter properties, and these were carried out separately for the soil (n = 48 = 16
plots x 3 management zones) and frond litter (n = 32 = 16 plots x 2 litter parts). All tests
were considered statistically significant at p ≤ 0.05. Statistical analyses were carried
out using R version 3.6.1 (R Core Team 2019).
3.3 Results
3.3.1 Asymbiotic nitrogen fixation in soil and litter
The conversion factors of C2H4 production to N2 fixation were 2.8 for the soil, 10.6 for
the leaflets, and 40.9 for the rachis. There were no differences in soil asymbiotic N2
fixation among treatments in all management zones (all p ≥ 0.09; Table 1). Instead,
there were clear differences among the management zones in all treatments (all p <
0.01) with the highest rates in the palm circle and the lowest in the frond-stacked area
(Table 1). Monthly soil asymbiotic N2 fixation did not show any specific pattern: there
was no difference between the months when fertilizers were applied and the rest of the
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months (p > 0.1 for all management zones), and there was no difference between the
dry and wet season (p > 0.1), except for the inter-row where asymbiotic N2 fixation
was higher in the dry than wet seasons (p = 0.03).
Table 1: Annual rates of asymbiotic N2 fixation (mean ± SE, n = 4 plots) in the top-5-
cm depth mineral soil at each treatment and management zone as well as in the frond













mg N kg-1 soil yr-1 mg N kg-1 litter yr-1
ch
Palm circle 2.9 ± 0.0 a Leaflets 84 ± 63 a
Inter-row 4.1 ± 2.0 a Rachis 17 ± 7 a
Frond-stacked 0.7 ± 0.3 b
cw
Palm circle 3.9 ± 1.4 a Leaflets 15 ± 2 a
Inter-row 2.0 ± 0.3 a Rachis 11 ± 3 a
Frond-stacked 0.6 ± 0.2 b
rh
Palm circle 5.8 ± 1.6 a Leaflets 19 ± 7 a
Inter-row 2.7 ± 0.7 ab Rachis 80 ± 55 a
Frond-stacked 1.0 ± 0.4 b
rw
Palm circle 3.6 ± 9.8 a Leaflets 39 ± 10 a
Inter-row 1.8 ± 0.7 ab Rachis 46 ± 17 a
Frond-stacked 0.8 ± 0.3 b
Means with different letters indicate significant differences among management zones
or between frond litter parts within each treatment (linear mixed-effects model on re-
peated measurements followed by ANOVA with Tukey HSD at p ≤ 0.05). There was
no significant differences among treatments (p > 0.05).
Annual rates are calculated by linear interpolation between monthly measured rates
and sampling day intervals.
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fertil-
ization–mechanical weeding
For frond litter, there were no differences in asymbiotic N2 fixation among treat-
ments or frond parts (all p > 0.1; Table 1). Similarly to the soil, the monthly litter asym-
biotic N2 fixation did not exhibit a specific pattern and there was no difference between
dry and wet seasons (p ≤ 0.07 for both frond parts).
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The annual rates of asymbiotic N2 fixation on mass basis were clearly larger in
the frond litter compared to the soil, but, given the low amount of piled frond litter in
the plantation, the annual rates on the ground-area basis were larger in the soil than the
litter (Table 2). The total (top 5 cm mineral soil + frond litter) asymbiotic N2 fixation in
the plantation was 1.9 ± 0.2 kg N ha-1 yr-1.
Table 2: Area-based extrapolation of annual rates of asymbiotic N2 fixation (mean ±
SE, n = 4 plots) in the top-5-cm depth mineral soil (a) and in the frond litter (b) in a




















mg N kg-1 soil yr-1 % mg N kg-1 soil yr-1 g cm-3 kg N ha-1 yr-1
Palm circle 4.0 ± 0.7 18
2.6 ± 0.3 1.2 1.6 ± 0.2Inter-row 2.7 ± 0.5 67
Frond-
stacked



















mg N kg-1 litter yr-1 % mg N kg-1 litter yr-1 kg dw m-2 kg N ha-1 yr-1
Leaflets 39 ± 17 46 39 ± 9 0.8 0.3 ± 0.1Rachis 38 ± 13 54
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fertil-
ization–mechanical weeding
3.3.2 Controlling factors of asymbiotic nitrogen fixation
Soil biochemical characteristics were not affected by management practices by the dif-
fered among management zones (Table S1). The frond-stacked area had higher gross
N mineralization than the other management zones (p < 0.01; Fig. 2, Table S1) and had
higher extractable N than the inter-row (p < 0.01; Fig. 2). The palm circle had lower
gross N mineralization than the inter-row (p = 0.01; Fig. 2, Table S1) and higher soil
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Table 3: Frond litter characteristics (mean ± SE, n = 4 plots in a large-scale oil
palm plantation in Jambi, Indonesia.
Frond litter characteristics Leaflets Rachis
Moisture content kg kg-1 1.25 ± 0.05 b 1.56 ± 0.01 a
Total C g kg-1 484.7 ± 1.8 a 479.1 ± 1.8 b
Total N g kg-1 17.9 ± 0.4 a 8.1 ± 0.4 b
C:N ratio 29 ± 1 b 65 ± 2 a
Ca g kg-1 7.8 ± 0.2 b 8.8 ± 0.4 a
Mg g kg-1 2.07 ± 0.09 b 2.25 ± 0.16 a
K g kg-1 1.44 ± 0.09 a 1.34 ± 0.08 a
S g kg-1 0.96 ± 0.05 b 1.16 ± 0.03 a
P mg kg-1 820 ± 46 b 924 ± 52 a
Al mg kg-1 527 ± 115 a 517 ± 82 a
Extractable N mg kg-1 226 ± 19 a 190 ± 10 b
Fe mg kg-1 170 ± 26 a 184 ± 18 a
Na mg kg-1 83 ± 6 a 79 ± 6 a
Mn mg kg-1 58 ± 10 a 75 ± 9 b
Mo µg kg-1 56 ± 6 a 57 ± 9 a
Means with different letters indicate significant differences between frond lit-
ter parts (linear mixed effect model with ANOVA at p ≤ 0.05).
Values are the average of the treatments and of the repeated measurements
(extractable N and moisture content measured eight times, others measured 4
times).
pH than the other zones (p < 0.01; Fig. 2, Table S1). Litter biochemical characteristics
differed among frond parts, wwith higher C, and N (total and extractable) contents
in the leaflets and higher C:N ratio, moisture, Ca, Mg, S, P, Mn contents in the rachis,
whereas the other nutrients were comparable among the two (all p ≤ 0.05; Table 3).
Temporal correlations between asymbiotic N2 fixation and soil properties were
not consistent across management zones. Only the inter-row asymbiotic N2 fixation
showed a negative correlation with extractable N (R = -0.47, p = 0.001, n = 48). Addi-
tionally, only the frond rachis asymbiotic N2 fixation showed positive correlation with
moisture content (R = 0.36, p = 0.03, n = 32). Spatial relationships across plots and
management zones showed negative correlations of soil asymbiotic N2 fixation with
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extractable N and gross N mineralization, and a positive correlation with pH (Fig. 2).
Figure 2: Spearman rank correlations between soil asymbiotic N2 fixation (averaged
across year-round monthly measurements) and soil properties, measured in the top
5-cm depth (n = 48; 3 management zones x 16 plots) in a large-scale oil palm plantation
in Jambi, Indonesia.
3.4 Discussion
3.4.1 Asymbiotic nitrogen fixation in oil palm plantations
The measured conversion factor for soil was close to the theoretical value of 3 (Hardy
et al. 1968). The high conversion factor measured for the frond litter could be due
to its high water content: C2H2 is more soluble in water than N2, and low dissolu-
tion of N2 in samples with high water content and incubated with ambient air might
limit N2 fixation (Nohrstedt 1983a). The high gravimetric water content in our incu-
bated frond litter, especially in rachis (Table 3), seems to be in line with this hypothesis.
Nevertheless, other studies on litter N2 fixation also reported large conversion factor in
temperate (8.5, Roskoski 1981) and tropical forests (3.9 in Hawaii, Vitousek and Hobbie
2000; 7.9 in Panama, Barron et al. 2009), showing that the deviation from the theoreti-
cal value of 3 is common. Our results show that different substrates (e.g. soil, leaflets
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and rachis) can have different conversion factors and so they highlight the importance
of measuring the conversion factor in each studied system and for each substrate, es-
pecially when the values from the C2H2 reduction assay are used for extrapolation to
ecosystem level.
The asymbiotic N2 fixation rates in our highly weathered Acrisol soil for the top
5 cm (Table 2) were similar, but slightly lower, than the rates reported for unfertilized
Eucalyptus plantations on Acrisol soil in China (4.0 kg N ha-1 yr-1 for the top 10 cm,
Zheng et al. 2016). Comparing with tropical forests, our rates were somewhat lower
than the rates for a forest on Ultisol soil in Puerto Rico (4.3 kg N ha-1 yr-1 for the top
10 cm, Cusack et al. 2009) but higher than in a forest on Ultisol soil in Costa Rica
(1.3 kg N ha-1 yr-1 for the top 10 cm, Reed et al. 2007). The asymbiotic N2 fixation
rates of oil palm leaf litter (Table 2) were much lower than those from forest litter in
Costa Rica (555 mg N kg litter-1 yr-1, Reed et al. 2007), but similar to rates for tropical
forests in Panama (28-31 mg N kg litter-1 yr-1, Wurzburger et al. 2012) and higher
than rates in French Guyana (20 mg N kg litter-1 yr-1, van Langenhove et al. 2019) all
on highly weathered Ferralsol or Acrisol soils. We conclude that our measured rates
of N2 fixation were in the range reported in literature for tropical forests, even if this
comparison don´t include data of asymbiotic N2 fixation in Asian tropical forests, for
which there is virtually no study (Davies-Barnard and Friedlingstein 2020).
Our study is the first to provide robust estimates of annual asymbiotic N2 fix-
ation in an oil palm plantation (Table 3), which is one of the key unknowns in the N
budget of this land use (Pardon et al. 2016). The contribution of asymbiotic N2 fixation
to the N budget was small, if compared to atmospheric N deposition of 12.9 kg N ha-1
yr-1 (Kurniawan et al. 2018) and to the fertilization rates of 260 kg N ha-1 yr-1. It is
likely that asymbiotic N2 fixation was reduced by land-use conversion from forest to
oil palm, given that in our study area oil palm plantations have lower abundance of
N-fixing bacteria compared to the reference forest (Berkelmann et al. 2018). We have to
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point out that other compartments that can be additional sources of fixed N were not
measured in this study, such as canopy soil (Matson et al. 2015), epiphytes (Benner et
al. 2007), lichens (Matzek and Vitousek 2003) and mosses (Cusack et al. 2009). How-
ever, given their limited coverage, the contribution to the plantation N budget is likely
very small. Nevertheless, the high rates of asymbiotic N2 fixation per litter amount
point to the importance of retaining the senesced fronds in the plantation as an addi-
tional source of N, as well as a source of organic matter and nutrients to the soil (Table
3). Therefore, management practices should aim at increasing the retention of litter in
the plantation.
3.4.2 Effects of management practices and controlling factors of asym-
biotic nitrogen fixation
Contrary to our second hypothesis, there was no effect of reduced management prac-
tices on asymbiotic N2 fixation. Similarly, a study in a Eucalyptus plantation in Brazil
found that the addition of N and P did not affect soil asymbiotic N2 fixation (Bomfim et
al. 2019) and attributed it to the influence of previous fertilization regimes in the plan-
tation. Indeed, the conventional management has been ongoing since the plantation
establishment, whereas the reduced management practices were employed only four
months prior to the start of our year-round measurements. This was further supported
by comparable soil nutrient contents among experimental treatments (Table S1). These
findings signified that the reduction in management intensity will take years to im-
pact asymbiotic N2 fixation, which may have been reduced after two decades of high
fertilization following forest conversion.
Nevertheless, in line with our first hypothesis, we found differences in soil
asymbiotic N2 fixation among management zones, demonstrating that oil palm man-
agement practices shaped the spatial pattern of asymbiotic N2 fixation. The negative
correlations of soil N2 fixation rates with extractable N and gross N mineralization (Fig.
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2) suggest that high N availability diminished this process, as shown for tropical soils
in forests (Cusack et al. 2009, Matson et al. 2015) and plantations (Zheng et al. 2016).
This correlation was clearly driven by the frond-stacked area with the highest soil N-
cycling rates and N contents (Fig. 2), derived from the regularly piled senesced fronds.
The regular addition of frond litter into this frond-stacked area maintained steadily
high extractable N concentrations during our year-round of measurements explaining
the consistently low asymbiotic N2 fixation. Interestingly, the palm circle showed low
extractable N contents (Fig. 2), except the months following the bi-annual N fertil-
ization, suggesting that the N applied was either quickly taken up by the palms, or
translocated beyond our measured top-5-cm depth, or lost via leaching and gaseous
emissions (Dubos et al. 2017, Hassler et al. 2017, Kurniawan et al. 2018). This hy-
pothesis is also supported by the lack of fertilization effect on asymbiotic N2 fixation
and the lack of temporal correlation with N contents. Even though we found some
peaks of high soil N concentrations after fertilization, they were detectable just when
the sampling time was close to the fertilization day and they were variable across space
given that the fertilizer was applied in the form of granulates, resulting in high vari-
ability in the extractable N concentrations (Fig. 2). In the inter-row the intermediate
levels of extractable N (Fig. 2) negatively correlated with asymbiotic N2 fixation across
the monthly measurements, further affirming the control of available N in regulating
N2 fixation rates. Another important controlling factor for spatial variations of soil
asymbiotic N2 fixation was soil pH, which was higher in the palm circle (due to lime
application) than in the other zones (Fig. 2; Table S1). Soil pH is one of the most im-
portant factors explaining spatial variations of bacterial community in tropical forests
(Tripathi et al. 2014) as well as the shift in bacterial community following conversion of
forest to oil palm plantations in our study region (Schneider et al. 2015). Abundance of
diazotrophic bacteria is reduced in acidic soils (Mirza et al. 2014, Liang et al. 2016, Liao
et al. 2018). In addition, pH determines the availability of P in the soil, since in acidic
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soils P is fixed by Al- and Fe-oxides and rendered unavailable for plants and microor-
ganisms (Schlesinger and Bernhardt 2013). It has been found that P is an important
controlling factor for asymbiotic N2 fixation in tropical soils (Matson et al. 2015, van
Langenhove et al. 2019), and therefore the correlation of asymbiotic N2 fixation with
pH could in part be the result of differences in available P between these zones. These
point out to the importance of investigating P limitation of asymbiotic N2 fixation in
oil palm plantations.
On the other hand, there was no difference in litter asymbiotic N2 fixation be-
tween leaflets and rachis, even if the latter reported generally more favorable condi-
tions for N2 fixation, as lower N, and higher moisture and P contents (Table 1). It may
be that the main controlling factor for litter asymbiotic N2 fixation in this plantation
was Mo, which was comparable among frond parts (Table 3). Indeed a review on litter
asymbiotic N2 fixation in tropical forests suggested that Mo concentrations lower than
100 µg kg-1 resulted in Mo limitation rather than P limitation (Reed et al. 2013). The
lack of spatial and temporal correlations between litter asymbiotic N2 fixation and con-
trolling factors is likely the results of the low variability of litter characteristics, which
were not different among treatments or replicate plots, against the high variability of
the litter sampled (see high standard errors), given the intrinsic heterogeneity of litter
in space and time. The high spatial and temporal variability of our litter samples show
the importance of having replicates and repeated measurements, in order to include
the inherent variability of litter for extrapolation to ecosystem level.
3.5 Conclusion
Our study is, to our knowledge, the first to measure asymbiotic N2 fixation in mature
oil palm plantations and it provides a robust estimate of annual rates of asymbiotic
N2 fixation from soil and litter. Differences in asymbiotic N2 fixation among manage-
ment zones show that management practices influence the spatial patterns of fixation
73
Chapter 3. Asymbiotic nitrogen fixation
by regulating the nutrient concentrations in the soil. In the frond-stacked area the accu-
mulation of litter returns high N to the soil that restrain asymbiotic N2 fixation in this
zone, whereas in the palm circle lime application increases soil pH resulting in higher
asymbiotic N2 fixation. Litter asymbiotic N2 fixation is comparable in the leaflets and
in the rachis and is probably limited by Mo. Future research should focus on evaluat-
ing other possible controlling factors for asymbiotic N2 fixation in soil (e.g. P and Mo)
and investigating diazotrophic bacteria abundance and microbial community compo-
sition in oil palm plantations. As regarding our management experiment, there was
no effect of reduced management on asymbiotic N2 fixation at this early stage of the
experiment, but some effects may arise in the long run, given the differences found
between management zones. Finally, the high rates of N fixed by the litter, point out to
the importance of pile the senescent fronds in the plantation rather than export them
from the field.
Acknowledgements
This research is part of the sub-project A05 of the Collaborative Research Center 990
EFForTs project (Ecological and Socioeconomic Functions of Tropical Lowland Rainfor-
est Transformation Systems), funded by the Deutsche Forschungsgemeinschaft (DFG,
Project ID: 192626868 – SFB 990). We acknoweldge Perkebunan Nusantara VI (PTPN
VI) for granting the experiment establishment in their plantation, as well as Kevin Dar-
ras and the sub-project Z01 for the management of this experiment. We thank our In-
donesian assistants, Happy Chandra, Fajar Sidik and Sofyan Raden for their precious
help in the field and in the laboratory. We also thank the laboratory staff in Goettingen
from the department of Tropical Soil Science and from the Centre for Stable Isotope Re-
search and Analysis, Reinhard Langel and Lars Szwec. This research was conducted
under the research permit 539351/SIP/FRP/E5/Dit.KI/X/2016.
74
Chapter 3. Asymbiotic nitrogen fixation
Declaration of author contribution
GF carried out the experiment, conducted the data analysis and wrote the manuscript
with support from MDC. EV and MDC conceptualized the study design, methodolo-
gies and laboratory analyses. AT facilitated field access, logistical support, collaborator
agreements and material exports.
3.6 Supplementary material
Table S1: Soil biochemical properties in the top-5-cm soil depth (mean ± SE, n = 4
plots) in the different management zones in a large-scale oil palm plantation in Jambi,




Gross N mineralization (mg N kg-1 d-1) 2.3 ± 0.3 c 4.2 ± 0.8 b 24.4 ± 5.0 a
Soil organic C (g C kg-1) 47.6 ± 5.3 a 12.2 ± 0.6 b 11.9 ± 1.4 b
Total N (g N kg-1) 2.9 ± 0.3 a 0.9 ± 0.1 b 0.8 ± 0.1 b
Soil C:N ratio 16.0 ± 0.3 a 14.1 ± 0.2 b 15.1 ± 0.3 ab
ECEC (mmolc kg-1) 113 ± 13 a 22 ± 2 c 72 ± 7 b
Base saturation (%) 96 ± 1 b 59 ± 6 c 100 ± 0 a
pH (1:4 H2O) 6.51 ± 0.05 a 5.17 ± 0.06 b 5.33 ± 0.12 a
Bulk density (g cm-3) 0.52 ± 0.06 a 1.20 ± 0.04 b 1.23 ± 0.04 b
Moisture content (kg water kg-1) 0.19 ± 0.01 b 0.21 ± 0.01 b 0.50 ± 0.12 a
Temperature (°C) 26.0 ± 0.3 a 25.5 ± 0.4 a 25.8 ± 0.5 a
Soil δ15N natural abundance (h) 2.3 ± 0.3 b 4.3 ± 0.2 a 5.0 ± 0.1 a
For each parameter, different letters indicate significant differences among manage-
ment zones (one-way ANOVA with Tukey HSD or Kruskal-Wallis H test with multiple
comparisons extension at p ≤ 0.05).
ECEC = effective cation exchange capacity.
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Abstract
Nutrient leaching in intensively managed oil palm plantations can diminish soil fertil-
ity and water quality. There is a need to reduce this environmental footprint without
sacrificing yield. We quantified nutrient leaching in a large-scale oil palm plantation
on Acrisol soil with factorial treatment combinations of two fertilization rates (260 N,
50 P, 220 K kg ha-1 yr-1 as conventional practice, and 136 N, 17 P, 187 K kg ha-1 yr-1,
equal to harvest export, as reduced management) and two weeding methods (conven-
tional herbicide, and mechanical weeding as reduced management). Each of the four
treatment combinations was represented by a 2500-m2 plot, replicated in four blocks.
In each plot, soil-pore water was collected monthly at 1.5-m depth for one year in three
management zones: palm circle, inter-row, and frond-stacked area. In the palm cir-
cle, nutrient leaching was low due to low solute concentrations and small drainage
fluxes, resulting from large plant uptake. Conversely, in the inter-row, nitrate and
aluminum leaching losses were high due to their high concentrations, large drainage
fluxes, low plant uptake, and acidic pH. In the frond-stacked area, base cation leach-
ing was high, presumably from frond litter decomposition, but N leaching was low.
Mechanical weeding, even with conventional high fertilization rates, reduced leaching
losses of all nutrients. Mechanical weeding with reduced fertilization had the low-
est N and base cation leaching whereas its yield and economic gross margin remain
comparable with the conventional management practices. Herbicide weed control de-
creased ground vegetation, and thereby reduced efficiency of soil nutrient retention.
Our findings signified that mechanical weeding and reduced fertilization should be
included in the Indonesian Ministry of Agriculture program for precision farming (e.g.
variable rates with plantation age), particularly for large-scale plantations, and in the
science-based policy recommendations, such as those endorsed by the Roundtable for
Sustainable Palm Oil association.
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4.1 Introduction
Agricultural expansion is a major driver of tropical deforestation (Geist and Lambin
2002), which have global impacts on reducing carbon sequestration (Asner et al. 2010,
van Straaten et al. 2015), greenhouse gas regulation (e.g. Meijide et al. 2020, Murdi-
yarso et al. 2010), and biodiversity (e.g Clough et al. 2016) and increasing profit gains
at the expense of ecosystem multifunctionality (Grass et al. 2020). Oil palm is the most
important rapidly expanding tree-cash crop that replaces tropical forest in Southeast
Asia (Gibbs et al. 2010, Carlson et al. 2013) due to its high yield with low production
costs and rising global demand (Carter et al. 2007, Corley 2009). Currently, Indonesia
produces 57% of palm oil worldwide (FAO 2018) and this production is projected to ex-
pand in the future, threatening the remaining tropical forest (Vijay et al. 2016, Pirker et
al. 2016). Forest to oil palm conversion is associated with a decrease in soil fertility, be-
cause of high nutrient export via harvest, reduced rates of soil-N cycling, and decreases
in soil organic carbon (SOC) and nutrient stocks (Allen et al. 2015, Allen et al. 2016, van
Straaten et al. 2015). The decline in soil fertility reinforces the dependency on fertilizer
inputs, and a severe decline can lead to abandonment of the area with further expan-
sion of oil palm plantations in another, exacerbating land-use change. Leaching can
contribute to the impoverishment of soil nutrients as well as reduction in water qual-
ity and eutrophication of water bodies. Increased nutrient loads to water bodies due
to agricultural expansion and intensification, common in temperate areas (Carpenter
et al. 1998), are increasingly reported for tropical regions (Figueiredo et al. 2010, Teklu
et al. 2018). Given the typically high precipitation rates, leaching losses can possibly
be large in intensively managed plantations in the tropics, although deeply weathered
tropical soils also have the capacity to store large quantities of N and P (Jankowski et
al. 2018, Neill et al. 2013). Indeed, NO3-, the most leachable form of N, can be retained
in the subsoil by anion exchange capacity of highly weathered acidic soils (Wong et
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al. 1990) whereas P can be fixed to Fe and Al (hydr)oxides of tropical soils (Roy et al.
2016). Nevertheless, there are some evidences of streamwater quality reductions due
to oil palm cultivation in Malaysia (Luke et al. 2017, Tokuchi et al. 2019), signifying
the importance of quantifying nutrient leaching losses in other areas with expansive
oil palm plantations, especially in Jambi, Indonesia, one of the hotspots of forest con-
version to oil palm in Indonesia (Drescher et al. 2016).
Although oil palm plantations can possibly have low leaching losses, as a conse-
quence of high evapotranspiration and thus low drainage fluxes (Tarigan et al. 2020),
most of oil palm plantations are large-scale enterprises that are characterized by in-
tensive management with high fertilization rates and herbicide application. Intensive
agriculture in the tropics is associated with high N leaching losses (Huddell et al. 2020).
Even in tree-cash or perennial crop plantations, with generally higher evapotranspira-
tion and deeper rooting depth than annual crops, high fertilization rates result in sus-
tained, large nutrient leaching losses (e.g. Cannavo et al. 2013, Wakelin et al. 2011).
Large NO3- leaching from high N fertilization is always accompanied by leaching of
cations (Cusack et al. 2009, Dubos et al. 2017), impoverishing highly weathered trop-
ical soils that are inherently low in base cations (Allen et al. 2016, Kurniawan et al.
2018). Fertilization is necessary to support high yields of oil palm plantations, but re-
duction in fertilization rates, e.g. to levels that compensate for nutrient export through
harvest, may reduce nutrient leaching losses while maintaining high productivity. On
the other hand, the use of herbicide for weed control can exacerbate nutrient leaching
losses, as prolonged absence of ground vegetation reduces uptake of redistributed nu-
trients from applied fertilizers far from reach of crop roots (Abdalla et al., 2019). Herbi-
cide weeding, common in large-scale oil palm plantation, is practiced in the area where
the fertilizers are applied, to reduce competition for nutrients and water with ground
vegetation, and in the inter-rows, to facilitate access during harvest (Corley and Tinker
2016). However, herbicide not only eradicates aboveground vegetative parts but also
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removes roots slowing down regeneration. In contrast, mechanical weeding only re-
moves aboveground part, allowing relatively fast regeneration of ground vegetation,
which could take up redistributed nutrients and could reduce leaching losses.
To investigate nutrient leaching losses in an oil palm plantation, the spatial
structure created by the planting design and by the management practices must be
taken into account, which is only partly considered in the sampling designs of previ-
ous studies. Three management zones in oil palm plantations can be identified: (1)
the palm circle, an area around the palm´s trunk where the fertilizers are applied and
weeded; (2) the inter-row, weeded less frequently than the palm circle but unfertilized;
and (3) the frond-stacked area, usually every second inter-row, where the cut senesced
fronds are piled up. In these management zones, the interplay of water fluxes, root
uptake and soil nutrient contents determine the extent of nutrient leaching losses. The
palm circle despite having direct fertilization have also large water and nutrient up-
take (Nelson et al. 2006) because of high root density (Lamade et al. 1996) such that
large leaching losses may only occur following pulse high fertilization and during high
drainage (from high precipitation) events (Banabas et al. 2008a). The inter-row expe-
riences higher water input from precipitation than the palm circle because of lower
canopy interception (Banabas et al. 2008b), and large water flux within the soil be-
cause of low root uptake, stimulating nutrient transport to lower depths. However, as
there is no direct fertilizer application on the inter-row, nutrient leaching may be low.
The frond-stacked area receives nutrients from decomposition of nutrient-rich fronds
(Kotowska et al. 2016) and such mulching with senesced fronds prevents run-off and
promotes water infiltration as a consequence of enhanced macroporosity by increased
organic matter (Moradi et al. 2015). High water infiltration may generate high water
drainage fluxes, resulting in intermediate nutrient leaching losses in the frond-stacked
area.
In this study, we aimed to quantify nutrient leaching losses in an intensively
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managed, large-scale oil palm plantation, and to assess if reduced intensity of manage-
ment (i.e. reduced fertilization rates equal to harvest export and mechanical weeding)
can reduce leaching losses in oil palm plantations. We tested these hypotheses: (1)
leaching losses in the palm circle will be larger than in the other management zones
because of direct fertilizer application; (2) leaching losses under herbicide application
will be higher than mechanical weeding because of slower regeneration of ground veg-
etation that can augment nutrient retention; (3) nutrient leaching fluxes under conven-
tional high fertilization rates will be substantial compared to reduced rates because of
excessive nutrient inputs. Our study provides a systematic quantification of an im-
portant environmental footprint of oil palm production, taking into consideration its
spatial variation in management zones, and evaluates the effectiveness of alternative
management practices for leaching reduction.
4.2 Materials and Methods
4.2.1 Study area and experimental design
This study was conducted in a state-owned oil palm plantation in Jambi province, In-
donesia (1° 43’ 8” S, 103° 23’ 53” E, 73 m above sea level). Mean annual air temperature
is 26.7 ± 1.0 °C and mean annual precipitation is 2235 ± 385 mm (1991-2011; data from
Sultan Thaha airport, Jambi). During our study period (March 2017-February 2018),
the mean daily air temperature was 26.3 °C and annual precipitation was 2772 mm,
with a dry period between July and October (precipitation < 140 mm month-1). The
soil is highly weathered, loam Acrisol soil (Allen et al. 2015) and nutrient inputs from
bulk precipitation in the area, measured in 2013, were 12.9 kg N, 0.4 kg P, 5.5 kg K ha-1
yr-1 (Kurniawan et al. 2018).
This oil palm plantation was established between 1998 and 2002, and so the
palms were 16-20 years old during our study period. The plantation encompassed
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2025 ha, with a planting density of approximately 142 palms ha-1, spaced 8 m apart on
rows. The rows between palms are used alternately for harvesting operations and to
pile-up senesced fronds, which are regularly cut to facilitate harvesting of fruits; this
frond-stacked area covers 15% of the plantation. The palm circle, 2-m radius from the
trunk, wherein fertilizers are applied and weeded four times a year, covers 18% of the
plantation. The remaining 67% can be classified as inter-row, which is not fertilized
but weeded two times a year.
In November 2016, a two (fertilization rates) by two (weeding methods) facto-
rial management experiment was established in this plantation as part of the frame-
work of the EFForTS project, described in detail by Darras et al. (2019). For fertiliza-
tion treatments, the conventional rates were 260 N, 50 P, 220 K kg ha-1 yr-1, whereas
the reduced rates were 136 N, 17 P, 187 K kg ha-1 yr-1. Reduced fertilization rates were
determined to compensate for nutrient exports via fruit harvest and were based on the
nutrient concentrations measured in the fruit bunches multiplied by the annual yield.
The fertilizer sources were urea (CH4N2O), triple superphosphate (Ca(H2PO4)2H2O)
and muriate of potash (KCl), and these were applied according to the plantation’s stan-
dard practices: split in two applications per year (in April and October), applied in a
band within a 2-m radius from the palm, and this area was raked before fertilizer appli-
cation. For both fertilization treatments, lime (426 kg dolomite ha-1 yr-1; CaMg(CO3)2)
and micronutrients (142 kg micro-mag ha-1 yr-1 with 0.5% B2O3, 0.5% CuO, 0.25%
Fe2O3, 0.15% ZnO, 0.1% MnO and 18% MgO) were also applied besides the N, P and K
fertilizers, as commonly practiced in large-scale plantations on acidic Acrisol soils (Pa-
han 2010). For weeding treatments, the conventional method was the use of herbicide
(glyphosate), whereas the reduced method was mechanical weeding using a brush cut-
ter. Glyphosate was applied following plantation’s standard practice: 1.5 L ha-1 yr-1 to
the palm circle, split four times a year, and 0.75 L ha-1 yr-1 to the inter-row, split two
times a year. The mechanical weeding was carried out in the same areas and frequen-
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cies as herbicide application. This management experiment comprised of four replicate
blocks and each had four plots (50 m x 50 m each) assigned to four treatment combi-
nations: conventional rate–herbicide, conventional rate–mechanical weeding, reduced
rate–herbicide, and reduced rate–mechanical weeding.
4.2.2 Soil water sampling
We collected monthly soil-pore water samples over one year, using suction cup lysime-
ters (P80 ceramic, maximum pore size 1 µm; CeramTec AG, Marktredwitz, Germany).
We installed the lysimeters in January 2017, choosing two palms per plot and sampling
in the three management zones: (1) in the palm circle, at 1 m from the palm trunk, (2)
in the frond-stacked area, at about 4 m from the palm trunk, and (3) in the inter-row, at
approximately 4 m from the palm trunk (Fig. S1). In total, 96 lysimeters were installed
(4 treatment plots x 4 replicates x 2 subplots x 3 management zones). The lysimeters
were inserted into the soil till 1.5-m depth, so that the soil-pore water was collected
well below the rooting depth of 1 m which is common to oil palm plantations on loam
Acrisol soils near our study site (Kurniawan et al. 2018). Starting in March 2017, soil
water was sampled by applying 40 kPa vacuum (Kurniawan et al. 2018, Dechert et
al. 2005) to the lysimeters and collected in dark glass bottles, which were stored in a
bucket buried in the field. Once a week, we transferred the collected water into plastic
bottles and transported them to the field station, where they were stored frozen. The
collection continued over a month until a volume of 100 mL was collected from each
lysimeter, or until the end of the month. The frozen water samples were transported
by air freight to the University of Göttingen, Germany, where element concentrations
were determined. We measured the concentrations of mineral N (NH4+ and NO3-),
total dissolved N (TDN) and Cl by continuous flow injection colorimetry (SEAL Ana-
lytical AA3, SEAL Analytical GmbH, Norderstadt, Germany), as described in details
by Kurniawan et al. (2018). Dissolved organic N (DON) was calculated as the differ-
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ence between TDN and mineral N. We measured the concentrations of base cations
(Na, K, Ca, Mg), total Al, total Fe, total Mn, total S, and total P with an inductively
coupled plasma–atomic emission spectrometer (iCAP 6300; Thermo Fischer Scientific
GmbH, Dreieich, Germany).
We determined a partial cation-anion charge balance of the major elements (con-
centrations 0.03 mg L-1) in soil-pore water by converting the concentrations to µmolcharge
L-1. We assumed S to be in the form of sulfate (SO42-) and total Al to have a charge of
3+. We calculated the contribution of organic acids (RCOO-) and bicarbonate (HCO3-)
as the difference between the measured cations and anions (Kurniawan et al. 2018).
4.2.3 Modeling water drainage
The water balance was modeled using the water sub-model of the Expert-N software,
version 5.0 (Priesack 2005), which was successfully used to estimate drainage fluxes
from different land uses in Indonesia (Dechert et al. 2005, Kurniawan et al. 2018). The
model inputs were climate data (solar radiation, temperature, precipitation, relative
humidity, and wind speed), and soil (texture, bulk density, and hydraulic functions)
and vegetation characteristics (biomass, leaf area index, and root distribution). The
climate data were taken from the climatological station in the plantation (described
in detail by Meijide et al. 2017), and the oil palm biomass was taken from a study
on oil palm plantations near our study site (Kotowska et al. 2015). Soil bulk density
and porosity in the top 10 cm were measured in each management zone at our study
site, whereas for the 10-50-cm depth these were measured in the inter-row, assuming
that the differences in soil bulk density among management zones would be minimal
below the topsoil. Data for soil bulk density and porosity for the 50-200-cm depth,
as well as soil texture, soil hydraulic parameters (i.e. water retention curve, saturated
hydraulic conductivity and Van Genuchten parameters for the water retention curve),
and root distribution were taken from Allen et al. (2015) and Kurniawan et al. (2018),
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choosing their studied oil palm plantations closest to our study site. Expert-N water
sub-model calculates daily water drainage based on precipitation, evapotranspiration,
canopy interception, runoff, and change in soil water storage. Evapotranspiration is
calculated using Penman-Monteith method (Allen 1998), applying a plant factor of
1.06 (Meijide et al. 2017), with plant transpiration based on leaf area index (LAI), plant
biomass, and maximum rooting depth. The canopy interception is calculated from
the percentage of throughfall and the maximum water storage capacity of the canopy.
Runoff is calculated from soil texture and bulk density, which determine the water
infiltration rate, and from the slope, which was 5% (Röll et al. 2019). The vertical water
movement is calculated using Richard´s equation based on soil hydraulic functions.
To model the drainage in the different management zones, we used the mea-
sured soil bulk density and porosity in the top 10 cm and adjusted other input param-
eters to simulate differences in water balance in each management zone. For the palm
circle, we set the LAI to 3.65, which is the maximum LAI measured at our site (Fan
et al. 2015), to simulate high water uptake in the palm circle (Nelson et al. 2006) and
maximum rooting depth to 1 m, which is reported for oil palm plantations near our
site (Kurniawan et al. 2018). The percentage throughfall in the palm circle was set to
50% and the water storage capacity of oil palm trunk was set to 8.4 mm (Tarigan et
al. 2018). For the inter-row, we set the LAI and the maximum rooting depth as half of
the palm circle (1.8 LAI, 50-cm rooting depth), as roots are shallower between palms
(Nelson et al. 2006); the throughfall was set to 10%, and the palm trunk’s water stor-
age capacity was set to 4.7 mm (based on canopy storage capacity reported by Tarigan
et al. 2018). For the frond-stacked area, the LAI was set to 0.75, which is half of the
minimum measured in the studied plantation (Darras et al. 2019), as understory veg-
etation is absent at this zone. Values for interception in the frond-stacked area was set
to the same values as the inter-row, whereas the runoff was set to 0, as mulching with
senesced fronds slows down runoff (Tarigan et al. 2016).
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For validation of the Expert-N water sub-model outputs, we measured soil wa-
ter matric potential at depths of 30 cm and 60 cm over the study period and compared
the measured values with the modeled matric potential. Matric potential was mea-
sured by installing a tensiometer (P80 ceramic, maximum pore size 1 µm; CeramTec
AG, Marktredwitz, Germany) at each depth in each management zone near to two
palms in two treatments (i.e. conventional rate–herbicide, and reduced rate–mechanical
weeding), for a total of 12 tensiometers. We summed the modeled daily drainage at
1.5-m depth to get the monthly drainage fluxes, which we then multiplied with the
element concentrations in soil water to get the monthly nutrient leaching fluxes.
4.2.4 Soil biochemical characteristics and nutrient retention efficiency
We measured soil biochemical properties in the same sampling locations (Figure S1)
at four depth intervals: 0-5 cm, 5-10 cm, 10-30 cm, and 30-50 cm. Soil samples from
the same management zone in each plot were pooled to make one composite sample,
totaling to 192 soil samples (4 treatments plots x 4 replicates x 3 management zones x 4
depths). The samples were air-dried and sieved (2 mm) and measured for pH (1:4 soil-
to-water ratio) and for effective cation exchange capacity (ECEC), by percolating the
soils with unbuffered 1 mol L-1 NH4Cl and measuring the cations (Ca, Mg, K, Na, Al,
Fe, Mn) in percolates using ICP-AES. A subsample was finely ground and analyzed
for organic C and total N using a CN analyzer (Vario EL Cube, Elementar Analysis
Systems GmbH, Hanau, Germany), and for 15N natural abundance signature using
isotope ratio mass spectrometer (IRMS; Delta Plus, Finnigan MAT, Bremen, Germany).
We calculated the soil element stocks for each depth by multiplying the element con-
centration with the measured bulk density and summed for the top 50 cm; other soil
characteristics (e.g. pH, ECEC, base saturation) in the top 50 cm soil were calculated as
the depth-weighted average of the sampled depths.
In addition, we calculated the N and base cation retention efficiency in the soil
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for each experimental treatment and management zone following the formula: nutri-
ent retention efficiency = 1 – (nutrient leaching loss / soil-available nutrient) (Kurni-
awan et al. 2018). We used the gross N mineralization rates in the top 5 cm soil (Table
S1) as an index of soil-available N whereas soil-available base cations was the sum of
the stocks of K, Na, Mg and Ca in the top 10 cm soil, expressed in molcharge m-2.
4.2.5 Statistical analyses
For soil biochemical properties measured once, we tested for differences among man-
agement zones as well as among experimental treatments for the entire 50-cm depth,
using the analysis of variances (ANOVA) with Tukey HSD as a post-hoc test. The
soil variables that showed non-normal distribution or unequal variances, tested with
Shapiro-Wilk and Levene’s tests, respectively, were log-transformed prior to the anal-
ysis. Base cation and N retention efficiency were also tested for differences between
experimental treatments in the same way. For repeatedly measured variables, i.e. soil-
pore water solute concentrations and leaching fluxes, we used linear mixed-effects
models (LME; Bates et al. 2015) to assess the differences among management zones
and treatments. For testing management zone differences, we conducted the LME
with management zone as fixed effect and random effects for sampling months and
experimental treatments nested with replicate plots, which were also nested with sub-
plots. For testing treatment differences, we calculated for each replicate plot on each
sampling month the area-weighted average of the three management zones (i.e. palm
circle accounts for 18% of the plantation area, the frond-stacked area 15%, and the inter-
row 67%), and LME was carried out with treatment as fixed effect and random effects
for sampling months and replicate plots nested with subplots. If the residuals of the
LME models were not normally distributed, we applied either logarithmic or square
root transformation. Differences were assessed with ANOVA (Kuznetsova et al. 2017)
followed by Tukey HSD (Hothorn et al. 2008). We also used LME to assess differences
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in soil water matric potential among management zones, with management zone as
fixed effect and measurement days and depth nested with treatment as random ef-
fects. Comparability between modeled and measured soil water matric potential for
each depth in each management zone (n = 50 field measurements) was assessed using
Pearson correlation test. All tests were considered significant at p ≤ 0.05, except for
soil pH which we considered a marginal significance at p = 0.06. All statistical analy-
ses were performed with R version 3.6.1 (R Core Team 2019).
4.3 Results
4.3.1 Soil biochemical properties and water balance
Soil biochemical properties in the top 50 cm did not differ between experimental treat-
ments (all p > 0.05) but strongly differed among management zones (Table 1). The
frond-stacked area, where senesced fronds were regularly piled like mulch material,
had higher SOC and total N stocks (p < 0.01) compared to the other management
zones. The inter-row, with regular weeding but without direct fertilizer and lime in-
puts, showed lower exchangeable base cation contents (i.e. Ca, Mg, K) compared to
the other management zones (p ≤ 0.02) and higher exchangeable Al content than the
palm circle (p = 0.01). This was reflected in the lower base saturation and higher Al
saturation in the inter-row compared to the other zones (p < 0.01). Also, inter-row had
the lowest ECEC (p < 0.01) and marginally lower pH than the palm circle (p = 0.06).
The palm circle, where fertilizers and lime were applied, had generally comparable
exchangeable element contents with the frond-stacked area, except for K, which was
higher in the palm circle (p < 0.01), and for Mn, which was higher in the frond-stacked
area (p < 0.01).
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Table 1: Soil physical and biochemical characteristics (mean ± standard errors, n = 4
plots) in the top-50-cm depth for each management zone, averaged across experimen-
tal treatments in a large-scale oil palm plantation in Jambi, Indoensia.
Soil properties Palm circle Frond-stacked area Inter-row
Bulk density g cm-3 1.37 ± 0.01 a 0.89 ± 0.01 b 1.36 ± 0.01 b
Soil organic C kg m-2 6.2 ± 0.6 b 9.1 ± 0.8 a 6.4 ± 0.2 b
Total N g m-2 402 ± 31 b 571 ± 39 a 426 ± 15 ab
soil C:N ratio 15.5 ± 0.5 a 15.7 ± 0.3 a 15.0 ± 0.5 a
15N natural abundance h 5.9 ± 0.1 a 5.3 ± 0.2 a 5.7 ± 0.2 a
pH 1:4 (H2O) 5.05 ± 0.08 a 5.00 ± 0.08 ab 4.81 ± 0.05 b
ECEC mmolc kg-1 35 ± 2 a 28 ± 2 a 18 ± 1 b
Base saturation % 48 ± 3 a 46 ± 4 a 20 ± 2 b
Aluminum saturation % 52 ± 4 b 50 ± 2 b 78 ± 2 a
Mg g m-2 32 ± 3 a 28 ± 6 a 9 ± 1 b
Ca g m-2 169 ± 21 a 157 ± 15 a 37 ± 5 b
K g m-2 39 ± 13 a 13 ± 1 b 6 ± 1 b
Na g m-2 1.5 ± 0.4 a 0.7 ± 0.2 a 0.6 ± 0.2 a
Al g m-2 66 ± 4 b 71 ± 4 ab 87 ± 3 a
Fe g m-2 1.4 ± 0.2 a 1.8 ± 0.4 a 1.8 ± 0.5 a
Mn g m-2 0.7 ± 0.1 b 1.8 ± 0.3 a 0.6 ± 0.2 b
H g m-2 0.2 ± 0.0 a 0.2 ± 0.0 a 0.2 ± 0.1 a
Means within a row followed by different letters indicate significant differences among
management zones (one-way ANOVA with Tukey HSD or Kruskal-Wallis H test with
multiple comparisons extension at p ≤ 0.05).
Bulk density measured in the top 10 cm of soil, whereas all the other parameters are for
the 0-50 cm soil depth: element stocks are the sum of the sampled soil depths (0-5 cm,
5–10 cm, 10–30 cm and 30–50 cm) and the rest are depth-weighted averages, calculated
for each replicate plot.
ECEC: effective cation exchange capacity.
There were high positive correlations between field-measured and modeled soil
water matric potential (Fig. 1). The matric potential was generally lowest in the palm
circle, intermediate in the inter-row, and highest in the frond-stacked area (p < 0.01).
This pattern was also reflected in the low drainage flux in the palm circle and high
drainage flux in the frond-stacked area (Table 2; Fig. 2). In the palm circle, the low
drainage flux had resulted from high plant transpiration and interception whereas the
high drainage flux in the frond-stacked area was due to low evapotranspiration and
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runoff with the senesced frond mulch (Table 2).
Figure 1: Pearson correlation test between modeled (red line) and field-
measured soil water matric potential (black points) (n = 50 field measurements
over one year) for each management zone at 30- and 60-cm depths in a large-
scale oil palm plantation in Jambi, Indoensia.
Table 2: Annual water balance simulated from March 2017 to February 2018 for each
management zone in a large-scale oil palm plantation in Jambi, Indoensia.
Water flux (mm yr-1) Palm circle Frond-stacked area Inter-row
Precipitation 2772 2772 2772
Transpiration 828 448 401
Evaporation 228 214 434
Interception 351 209 209
Runoff 338 0 216
Drainage (1.5-m depth) 556 1806 1179
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In ratio to annual precipitation, the calculated annual evapotranspiration was
51%, 31%, and 38% in the palm circle, frond-stacked area, and inter-row, respectively;
annual drainage fluxes at 1.5-m depth were 20% of precipitation in the palm circle, 65%
in the frond-stacked area, and 43% in the inter-row. Seasonally, the monthly drainage
fluxes had two peak periods, May and November, after consecutive days of moderate
rainfall, and were lowest during the end of the dry season towards the start of the wet
season (Fig. 2).
Figure 2: Monthly water drainage at 1.5-m depth, simulated in each manage-
ment zone, and daily rainfall from March 2017 to February 2018 in a large-
scale oil palm plantation in Jambi, Indoensia. The gray shaded area represent
the dry season (precipitation < 140 mm month-1)
4.3.2 Differences in leaching losses among management zones and
treatments
For element concentrations in soil-pore water at 1.5-m depth, treatment differences
were exhibited clearly in the palm circle and inter-row (Fig. 3), with the herbicide
treatment showing higher element concentrations than the mechanical weeding (p ≤
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0.02). The frond-stacked area had generally lower ionic charge concentrations com-
pared to the other management zones (Fig. 3). The dominant cations were Al3+, Ca2+,
Mg2+, K+, and Na+ across experimental treatments and management zones. Among
the management zones, Al3+ concentrations were highest in the inter-row, intermediate
in the palm circle, and lowest in the frond-stacked area (p < 0.01). The concentrations
of Ca2+ were similar in the palm circle and frond-stacked area (p = 0.42), and these were
higher than the inter-row (p < 0.01). The concentrations of Mg2+ and K+ were higher
in the palm circle than in the other two management zones (p < 0.01). The Na+ con-
centrations were higher in the palm circle and inter-row than in the frond-stacked area
(p < 0.01). As for dissolved N, NH4+ concentrations were lower in the frond-stacked
area, followed by the palm circle, and higher in the inter-row (p = 0.01). Across treat-
ments, NH4+ was 4-18% of TDN whereas DON was 1-7% of TDN. Thus, NO3- was
the main form of dissolved N, and this was highest in the inter-row, followed by the
frond-stacked area, and lowest in the palm circle (p < 0.01). The dominant anion was
Cl- with higher concentrations in the palm circle than in the other zones (p < 0.01).
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Figure 3: Partial cation–anion charge balance of the major solutes (with concentrations
> 0.03 mg L-1) in soil water at 1.5-m depth for each experimental treatment in the
different management zones in a large-scale oil palm plantation in Jambi, Indoensia.
The concentrations of organic acids (RCOO-) and carbonates (HCO3-) are calculated as
the difference between the measured cations and anions.
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fertil-
ization–mechanical weeding.
Monthly leaching fluxes showed a common pattern among the major solutes
(Fig. 4): there were two peaks of leaching losses (May and November) that followed
fertilizer applications, and lower leaching losses during the dry season from July to
October. Leaching fluxes of NO3- showed similar pattern as its concentrations: higher
in the inter-row, followed by the frond-stacked area, and lower in the palm circle (p <
0.01; Fig. 4).
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Figure 4: Monthly leaching losses at 1.5 m depth (mean ± standard errors, n = 4 plots)
for each management zone in a large-scale oil palm plantation in Jambi, Indoensia.
Black arrows indicate fertilizer applications and the gray shaded area represents the
dry season (precipitation > 140 mm month-1)
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Total Al leaching fluxes were also higher in the inter-row than the other zones
(p < 0.01; Fig. 4). On the other hand, although base cation concentrations were large in
the palm circle (Fig. 3), the low drainage fluxes in this zone (Fig. 2; Table 2) resulted in
opposite patterns of base cation leaching fluxes among management zones; Ca, K, and
Mg were higher in the frond-stacked area than the palm circle and inter-row (all p <
0.01; Fig. 4). Leaching of Na was higher in both the frond-stacked area and inter-row
than the palm circle (p < 0.01; Fig. 4).
Reduced intensity of management clearly influenced nutrient leaching losses
(Fig. 5; Table 3). Specifically, mechanical weeding reduced NO3- and cation leaching
compared to herbicide weed control (p ≤ 0.03; Fig. 5; Table 3). Leaching of NO3- was
highest in the conventional fertilization–herbicide treatment and lowest in reduced
management treatments (p ≤ 0.02; Fig. 5). This was also reflected in the leaching fluxes
of accompanying cations; specifically, total Al and Ca leaching were higher in conven-
tional fertilization–herbicide treatment than the reduced management treatments (all p
≤ 0.02; Fig. 5). For the other base cations, mechanical weeding clearly lowered leach-
ing losses compared to herbicide weeding, in particular K and Na leaching in both
fertilization rates and Mg leaching in conventional fertilization (all p ≤ 0.03; Fig. 5).
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Figure 5: Average monthly leaching losses at 1.5-m depth for each experimental treat-
ment from March 2017 to February 2018 in a large-scale oil palm plantation in Jambi,
Indoensia. Values are area-weighted averages of leaching losses in each management
zone (means ± standard errors, n = 4 plots).
For each parameter, different letters indicate significant differences among treatments
(linear-mixed effect models on monthly values followed by Tukey HSD test for multi-
ple comparisons at p ≤ 0.05).
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fertil-
ization–mechanical weeding.
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Table 3: Annual leaching losses at 1.5-m depth for each experimental treatment from
March 2017 to February 2018 in a large-scale oil palm plantation in Jambi, Indoensia.
Values are area-weighted averages of leaching losses in each management zone
(mean ± standard error, n = 4 plots).
Element leaching ch cw rh rw
(kg ha-1 yr-1)
NO3--N 71.5 ± 20.1 a 48.2 ± 13.0 ab 36.3 ± 20.1 b 30.0 ± 5.7 b
NH4+-N 1.7 ± 0.2 a 1.7 ± 0.1 a 1.8 ± 0.1 a 1.7 ± 0.2 a
DON 0.5 ± 0.5 a 0.6 ± 0.3 a 0.4 ± 0.1 a 0.3 ± 0.0 a
TDN 73.6 ± 20.2 a 50.4 ± 13.1 ab 38.4 ± 8.9 b 32.0 ± 5.8 b
Ca 26.6 ± 4.3 a 19.4 ± 4.4 b 18.2 ± 1.8 b 17.0 ± 2.1 b
Mg 11.6 ± 2.5 a 7.7 ± 0.8 b 9.1 ± 0.7 ab 10.8 ± 3.6 ab
K 8.1 ± 1.3 a 6.2 ± 0.7 b 8.9 ± 0.6 a 5.7 ± 1.1 b
Na 15.9 ± 3.5 ab 13.6 ± 2.4 b 18.9 ± 3.1 a 13.1 ± 1.2 b
Mn 0.3 ± 0.1 a 0.2 ± 0.0 b 0.2 ± 0.0 bc 0.1 ± 0.0 c
Total Al 40.8 ± 11.5 a 20.8 ± 7.6 b 19.9 ± 6.8 b 21.8 ± 3.1 b
Total S 2.4 ± 0.5 a 1.8 ± 0.4 a 2.1 ± 0.6 a 4.9 ± 3.3 a
Total Fe 0.2 ± 0.0 a 0.5 ± 0.3 a 0.2 ± 0.0 a 0.5 ± 0.3 a
Total P 0.0 ± 0.0 a 0.1 ± 0.0 a 0.0 ± 0.0 a 0.0 ± 0.0 a
Cl 79.7 ± 15.8 a 36.9 ± 8.3 b 67.7 ± 8.7 a 78.3 ± 7.5 a
Means followed by different letters indicate differences among experimental treat-
ments (linear-mixed effect models on monthly values followed by Tukey HSD test for
multiple comparisons at p ≤ 0.05).
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fertil-
ization–mechanical weeding; rw = reduced fertilization–mechanical weeding;
DON = dissolved organic N; TDN = total dissolved N.
4.3.3 Annual leaching losses and nutrient retention efficiency
In proportion to the applied fertilizer, annual leaching losses of TDN (Table 3) were
28% of the applied N in the herbicide treatment for both conventional and reduced
fertilization rates, 24% in the mechanical weeding with conventional fertilization, and
only 19% in the mechanical weeding with reduced fertilization. The annual leaching
of K (Table 3) was 4% of the applied K fertilizer in the herbicide treatment and 3% in
the mechanical weeding for both fertilization rates. In this highly weathered Acrisol
soils with high capacity for P fixation by Fe and Al (hydr)oxides, there was no leaching
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of dissolved P (Table 3).
Both N and base cation retention efficiencies were generally lower in the inter-
row compared to the other management zones (p ≤ 0.03), except for reduced fertiliza-
tion–mechanical weeding where there were no differences among management zones
(Table 4). The area-weighted average N retention efficiency was comparable among
experimental treatments (p = 0.89) but there was a trend of increasing efficiency with
decreasing management intensity (Table 4). Base cation retention efficiency showed
clear differences among experimental treatments for each management zones: in the
palm circle, it was highest in mechanical weeding and lowest in the herbicide treat-
ment (p = 0.04); in the frond-staked area and inter-row, it was lowest in the most inten-
sive management treatment (conventional fertilization–herbicide) and highest in either
mechanical weeding or reduced fertilization (p ≤ 0.05; Table 4). The area-weighted av-
erage base cation retention efficiency was also clearly influenced by weeding method,
being lowest in herbicide treatment and highest in mechanical weeding both with con-
ventional fertilization (p = 0.03; Table 4).
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Table 4: N and base cation retention efficiencies in the soil for each management
zone and experimental treatment (means ± standard error, n = 4 plots) in a large-
scale oil palm plantation in Jambi, Indoensia.
N retention efficiency (mg N m-2 d-1 / mg N m-2 d-1)
ch cw rh rw
Palm
circle 0.987 ± 0.002 aA 0.982 ± 0.007 aAB 0.986 ± 0.003 aAB 0.997 ± 0.000 aA
Frond-
stacked 0.984 ± 0.004 aA 0.989 ± 0.004 aA 0.993 ± 0.001 aA 0.987 ± 0.002 aA
Inter-
row 0.877 ± 0.025 aB 0.870 ± 0.022 aB 0.900 ± 0.018 aB 0.906 ± 0.039 aA
Weighted-
average 0.925 ± 0.022 a 0.934 ± 0.020 a 0.945 ± 0.012 a 0.946 ± 0.018 a
Base cation retention efficiency (molc m-2 yr-1 / molc m-2 yr-1)
ch cw rh rw
Palm
circle 0.967 ± 0.008 abA 0.982 ± 0.002 aA 0.937 ± 0.013 bA 0.974 ± 0.010 abA
Frond-
stacked 0.884 ± 0.013 bA 0.950 ± 0.004 aA 0.960 ± 0.002 aA 0.928 ± 0.016 abA
Inter-
row 0.588 ± 0.086 bB 0.875 ± 0.022 aB 0.704 ± 0.048 abB 0.822 ± 0.063 abA
Weighted-
average 0.876 ± 0.009 b 0.945 ± 0.007 a 0.902 ± 0.019 ab 0.934 ± 0.012 ab
Means followed by different lowercase letters indicate differences among experi-
mental treatments for each management zone, whereas different uppercase letters
indicate differences among management zones for each experimental treatment
(one-way ANOVA with Tukey HSD or Kruskal-Wallis H test with multiple com-
parisons extension at p ≤ 0.05);
Weighted-average is based on the areal coverage of each management zone: 18%
for palm circle, 15% for frond-stacked area, and 67% for inter-row. See section 2.4
for calculations of N and base cation retention efficiency.
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fer-
tilization–mechanical weeding.
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4.4 Discussion
4.4.1 Water model and temporal pattern of nutrient leaching losses
To our knowledge, this study is the first attempt to model drainage fluxes from the
different management zones of an oil palm plantation, making our comparisons with
literature values limited. Our modeled annual transpiration rate in the palm circle (Ta-
ble 2) was remarkably similar to the values estimated with the same Penman-Monteith
method (827-829 mm yr-1, Meijide et al. 2017, Röll et al. 2019), and our average daily
transpiration rate (2.3 mm d-1) was within the range of that measured with drone-
based photogrammetry (3± 1 mm d-1, Ahongshangbam et al. 2019), all in the same
oil palm plantation. Also, the modeled annual runoff in the palm circle and inter-row
(Table 2) was within the range of runoff estimates in oil palm plantations in Jambi
province (10–20% of rainfall, Tarigan et al. 2016) and in Papua New Guinea (1.4–6% of
rainfall, Banabas et al. 2008b). Considering the areal proportions of the three manage-
ment zones, the weighted-average drainage flux (1161 mm yr-1) was lower than that
estimated for smallholder oil palm plantations near our study site (1614 mm drainage
flux with 3418 mm precipitation measured in 2013, Kurniawan et al. 2018), although
their ratios to annual precipitation were comparable. Aside from the difference in pre-
cipitation during our study period compared to the relatively wet year of 2013, evapo-
transpiration rate is higher in large-scale than smallholder oil palm plantations in our
study area (Röll et al. 2019), which would lead to lower drainage flux in large-scale
plantation. Moreover, in the frond-stacked area, enhanced porosity from organic mat-
ter that facilitates water infiltration (Moradi et al. 2015), as indirectly indicated by its
low soil bulk density (Table 1), combined with low evapotranspiration and run-off,
resulted in large drainage flux (Table 2). This suggests that piling senesced fronds
may amend groundwater recharge, which could moderate discharge fluctuations in
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water catchments of oil palm converted areas (Tarigan et al. 2020). Based on these
comparisons with literature values and on the good agreement between modeled and
measured soil water matric potential (Fig. 1), we conclude that our modeled drainage
fluxes were reliable.
The temporal peaks of nutrient leaching fluxes (May and November; Fig. 4) had
resulted from the combined effect of high drainage flux and fertilizer application. The
high drainage fluxes in May and November (Fig. 2) might have stimulated the down-
ward transport of elements and decreased their residence time in the soil, and thus
their adsorption onto the soil exchange sites (Lohse and Matson 2005). These high wa-
ter fluxes usually dilute the element concentrations in the soil-pore water; however,
high concentrations were maintained because of fertilizer and lime applications in the
same periods, resulting in parallel peaks of drainage and leaching fluxes (Figs. 2 and
4). The high NO3- leaching following urea-N fertilization (Fig. 4) suggests increased
nitrification (Silver et al. 2005), fast NO3- transport through the soil column, and re-
duced anion adsorbtion capacity, which otherwise would have delayed anion leaching
(Wong et al. 1990). The latter was possibly aggravated by the additional Cl- from
fertilization with KCl (Fig. 3), which could saturate the soil anion exchange sites, par-
ticularly at this mature plantation with already 16-20 years of high fertilization rates.
Large NO3- leaching is always accompanied by large leaching of buffering cations (Du-
bos et al. 2017, Kurniawan et al. 2018), resulting in their similar temporal patterns (Fig.
4). These findings showed that fertilization should be avoided during periods of high
drainage fluxes. Generally, the high drainage was a consequence of a protracted period
of moderate rainfall (Fig. 2). Prediction of periods of high precipitation and drainage
will further be confounded by climate change, which is widening the range between
wet and dry seasons and increasing the uncertainties in rainfall intensity and distri-
bution (Chou et al. 2013, Feng et al. 2013). Fertilization during the dry period is also
not advisable given the high volatilization of applied urea even in acidic soil as this is
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always accompanied by liming (Goh et al. 2003, Pardon et al. 2016) and the low palm
uptake during the dry season (Corley and Tinker 2016). Thus, reduction of fertiliza-
tion rates, e.g. at compensatory level equal to harvest export, seems a viable option to
reduce leaching losses without sacrificing production. One other option is the use of
organic amendments and slow-release fertilizers, which have been shown to reduce N
leaching in tropical cropping systems (Nyamangara et al. 2003, Mohanty et al. 2018,
Steiner et al. 2008) and to improve soil fertility in oil palm plantations (Comte et al.
2013, Boafo et al. 2020), as was also evident with mulching of senesced oil palm fronds
(i.e. high SOC, total N, ECEC and base saturation in the frond-stacked area; Table 1).
4.4.2 Leaching losses in the different management zones
Contrary to our first hypothesis, leaching losses were generally higher in the inter-row,
especially for mineral N (largely NO3-; Fig. 3), compared to the other zones, whereas
the palm circle had the lowest leaching (Fig. 4). This strikingly large mineral N leach-
ing losses in the inter-row were surprising given that this area did not receive direct
fertilizer inputs (see section 2.1). This result suggests that mineral N was transported
from the directly fertilized palm circle to the inter-row via surface and subsurface lat-
eral flow as these two zones were just 3 m apart (Fig. S1). Surface transport of mineral
N was probably a minor process at our site because of the low runoff (Table 2); in an
oil palm plantation in Papua New Guinea, the loss of N fertilizer via surface runoff
is only 0.3–2.2 kg N ha-1 yr-1 (Banabas et al. 2008b). Mineral N was probably pre-
dominantly transported to the inter-row via subsurface lateral flow. Acrisol soils are
characterized by clay translocation from upper to lower depths that could create an
impeding layer conducive to lateral water flow (Elsenbeer 2001). Indeed, the clay con-
tents of the Acrisol soils at our study area increase with depth, and soil bulk density is
highest at 100-150-cm depth (Allen et al. 2016). In addition, the palm roots spreading
from the palm circle to the inter-row may create channels for subsurface lateral flow
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of dissolved ions like NO3- (Li and Ghodrati 1994). Higher mineral N leaching in the
inter-row than palm circle was also observed in Brazil and it was attributed to lower
root density and higher N mineralization at increasing distance from the palm´s trunk
(Schroth et al. 2000). Hence, a combination of lower root uptake, higher N mineraliza-
tion, and subsurface lateral transport (particularly for NO3-) may all have contributed
to higher mineral N leaching losses in the inter-row than the palm circle. The main
accompanying cation for NO3- leaching in the inter-rows was Al3+ (Figs. 3 and 4), as
this zone’s soil pH (Table 1) was within the Al-buffering range (pH 3-5 van Breemen et
al. 1983), having no direct lime application and thus low base saturation (Table 1). Our
findings showed that if leaching is measured only within the palm circle, this largely
underestimates mineral N and Al leaching losses.
The palm circle had relatively low N leaching losses (Figs. 3 and 4) despite the
direct application of fertilizer. This was probably due to the large root density in this
zone that facilitates an efficient nutrient uptake (Edy et al. 2020, Nelson et al. 2006).
Hence, the dominant anion in soil-pore water in the palm circle was Cl- (Fig. 3), en-
hanced by the applied KCl fertilizer, which was accompanied by high base cation con-
centrations relative to dissolved Al (Fig. 3). The former was due to the applied micro-
mag fertilizer and dolomite (section 2.1), which increased pH and exchangeable bases
and rendered Al in insoluble form (i.e. lower exchangeable Al, Table 1, Schlesinger and
Bernhardt 2013). Despite their high concentrations, the leaching fluxes of base cations
in the palm circle (Fig. 4) were constrained by the low water drainage flux due to high
evapotranspiration (Table 2).
The frond-stacked area was at the same distance from the palm circle as the
inter-row (Fig. S1) but had substantially lower mineral N leaching losses (Figs. 3
and 4). Decomposition of nutrient-rich fronds (Kotowska et al. 2016) resulted in high
SOC and N stocks (Table 1), which can support large microbial biomass in this zone
(Haron et al. 1998). Thus, the low mineral N leaching in the frond-stacked area may
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be attributed to immobilization of mineral N by large microbial biomass, converting
mobile NO3- to less mobile organic N (e.g. Corre et al. 2010). In addition, it could
be possible that palm root uptake of nutrients (including mineral N) was higher in the
frond-stacked area compared to the inter-row as roots proliferate in nutrient-rich zones
(Table 1, Hodge 2004). This is supported by studies that showed higher root density
and higher water uptake under the frond piles compared to the inter-row (Rüegg et al.
2019, Nelson et al. 2006). The high ECEC, base saturation and pH in frond-stacked area
(Table 1), despite having no direct lime application, were due to the release of nutrients
from decomposition of frond litter, which contain high levels of base cations (Kotowska
et al. 2016). Thus, although leaching of base cations were larger in the frond-stacked
area than in the inter-row (Fig. 4), these losses merely mirrored their high exchange-
able levels (Table 1). Finally, the leaching of Al was low in the frond-stacked area (Figs.
3 and 4) because Al becomes insoluble as pH increased (i.e. lower exchangeable Al,
Table 1). Altogether, these results highlighted the benefits of piling senesced fronds
onto the soil to reduce leaching of mineral N and Al, which otherwise can potentially
diminish ground water quality, and to amend soil fertility (Table 1). Oil palm planta-
tions in other areas (e.g. Borneo, Rahman et al. 2018) were reported to practice piling of
senesced fronds on every inter-row, which we did not observed in our study region as
that is claimed to hinder access to palms during harvest; nonetheless, our findings im-
plied that increase in the frond-stacked area can contribute to sustainable management
practices of oil palm plantations.
4.4.3 Leaching losses under different intensity of management
There was a general reduction of leaching fluxes with reduced management intensity
(Fig. 5, Table 3). In line with our second hypothesis, the weeding methods clearly in-
fluenced leaching losses with a common pattern of lower leaching fluxes in mechanical
weeding than herbicide treatment (Fig. 5, Table 3). Mechanical weeding was associated
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with more ground vegetation cover (Darras et al. 2019) and higher nutrient retention
efficiency than herbicide weeding (Table 4), suggesting that faster regrowth of under-
story vegetation by mechanical weeding have additionally contributed to the uptake of
nutrients and thus reducing leaching losses. This is in line with some studies in tem-
perate forests and a cedar plantation, which showed that understory vegetation can
take up excess NO3- in the soil (Olsson and Falkengren-Grerup 2003) and reduce NO3-
leaching and the mobilization of Ca and Mg (Baba et al. 2011, Fukuzawa et al. 2006).
Enhanced understory vegetation in oil palm plantations may also positively impact
biodiversity by increasing plant species richness and soil macrofauna diversity and
abundance (Luke et al. 2019, Ashton-Butt et al. 2018), which may facilitate uptake and
recycling of nutrients. The increase of soil macrofauna might have contributed to lower
leaching of Na with mechanical weeding (Fig. 5), since herbivores and decomposers
take up a large amount of Na (Kaspari et al. 2009). In addition, the use of glyphosate
is associated with possible health risks to workers and the environment (van Bruggen
et al. 2018); also, the economic gross margin (i.e. revenues minus costs) is comparable
between mechanical weeding and herbicide treatment because of needed labor for pe-
riodic mechanical cutting of resistant ground vegetation in oil palm plantations with
herbicide weeding (Darras et al. 2019, Pahan 2010). Altogether, these results advocate
for the higher sustainability of mechanical weeding over herbicide application.
The reduction of N fertilization rates decreased NO3- leaching, supporting our
third hypothesis. Comparing conventional and reduced fertilization rates, there were
no differences in total N stocks (section 3.1), mineral N levels (Darras et al. 2019), N
retention efficiency (Table 4) and oil palm yield (Darras et al. 2019), suggesting that
excess N (above harvest export, section 2.1) from high N fertilization was largely lost
through leaching (Table 3). The decreased Al and Ca leaching with reduced fertiliza-
tion can be attributed to the lowered NO3- leaching, since these were the accompanying
cations (Figs. 4 and 5). Also, a reduction of Ca leaching could have resulted from the
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lower application rate of triple superphosphate fertilizer, which contains 16% of Ca.
The reduced K fertilization had no effect on K leaching (Fig. 5) because K fertilization
rate was only reduced by 15% of the conventional rate due to high K requirements of
oil palm fruits (section 2.1). We conclude that this mature (16-20 years old) plantation
with conventional management was overly fertilized for N, and that a reduction in
N fertilization rate may be included in the Indonesian program for precision farming
(Ministry of Agriculture of Indonesia 2016) to reduce environmental footprint of oil
palm production.
Comparing the N leaching losses in the studied plantation with other fertilized
tropical plantations (Table S2), our plantation had higher N leaching than other large-
scale oil palm plantations on similar soils with comparable fertilization rates (Omoti et
al. 1983, Tung et al. 2009). However, in these studies the leaching losses were measured
in the palm circle (Omoti et al. 1983) or the sampling location was not specified (Tung et
al. 2009), such that N leaching may be underestimated as our results showed the high
contribution of the inter-row to leaching losses (Figs. 3 and 4). The N leaching fluxes
in our plantation were also higher than in smallholder oil palm plantations in the same
area, which typically had much lower fertilization rates (Kurniawan et al. 2018). On
the other hand, our plantation had lower N leaching losses than an oil palm plantation
and coffee agroforestry systems on volcanic soils (Banabas et al. 2008b, Cannavo et al.
2013, Tully et al. 2012), which have high inherent nutrient contents, highly porous soils
and high infiltration rates. The N leaching losses from our plantation were also lower
than in banana plantations, characterized by very high fertilization rates (Wakelin et
al. 2011, Armour et al. 2013).
The nutrients leached at 1.5-m depth should be considered lost from uptake of
oil palm roots, as majority of the root mass and the highest root density are in the
top 0.5-m depth (Nelson et al. 2006, Schroth et al. 2000, Kurniawan et al. 2018). The
high leaching fluxes of NO3- and Al implied a risk of groundwater pollution. During
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the high drainage fluxes following fertilization, NO3- concentrations in soil-pore water
reached to 20-40 mg L-1 in the inter-row (covering 67% of the plantation area), which
was close to the 50 mg L-1 limit for drinking water (WHO 2011), and Al concentrations
in soil-pore water exceeded the limit of 0.2 mg L-1 in 60% of the samples. Nevertheless,
before reaching to streams and rivers, these NO3- and Al concentrations can be diluted
by surface flow and retained in the soil along flow paths: NO3- can be temporarily
adsorbed in the deeper layers of highly weathered soils by its inherently high anion
exchange capacity (Harmand et al. 2010, Jankowski et al. 2018) and can be consumed
by denitrification (Wakelin et al. 2011). Riparian buffers can mitigate the transport
of these agricultural pollutants to streams (Luke et al. 2017, Chellaiah and Yule 2018).
Restoring riparian buffers in former forests converted to oil palm plantations have been
listed as one sustainability criteria, endorsed by the Roundtable for Sustainable Palm
Oil (RSPO) association, and may provide additional regulation services (Woodham et
al. 2019).
In conclusion, our findings show that nutrient leaching losses in an oil palm
plantation differed among management zones, as a result of fertilization, liming, mulch-
ing and of different drainage fluxes. The reduction of management intensity, i.e. me-
chanical weeding with reduced fertilization rates, was effective in reducing nutrient
leaching losses without reduction in yield at least during the first two years of this
experiment (Darras et al., 2019). Long-term investigation of this management exper-
iment is important to get a reliable response of yield and a holistic economic analy-
sis, including valuation of regulation services. Greenhouse gas emissions should also
be quantified, as another important parameter of environmental footprint of oil palm
production. Our findings and these further investigations should be incorporated into
science-based policy recommendations such as those endorsed by the RSPO.
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4.5 Supplementary material
Figure S1: Lysimeter locations at each treatment plot, with two subplots (blue
rectangles) that each included the three management zones (blue crosses): (1)
lysimeters in the palm circle were at 1 m from the palm trunk, (2) in the frond-
stacked area, at about 4 m from the palm trunk, and (3) in the inter-row, at
approximately 4 m from the palm trunk
Table S1: Gross N mineralization rates (means ± SE, n = 4 plots) in the top-
5-cm soil depth for each treatment and management zone in a large-scale oil
palm plantation in Jambi, Indonesia. Data from Chapter 2.
Gross N mineralization (mg N m-2 d-1 )
ch cw rh rw
Palm circle 2.2 ± 0.6 1.9 ± 0.4 1.8 ± 0.6 3.4 ± 0.2
Frond-stacked area 22.4 ± 3.3 32.5 ± 8.0 22.4 ± 7.2 16.6 ± 5.2
Inter-row 4.8 ± 1.1 4.0 ± 0.6 3.8 ± 0.8 4.4 ± 0.9
Treatments: ch = conventional fertilization–herbicide; cw = conventional fer-
tilization–mechanical weeding; rh = reduced fertilization–herbicide; rw = re-
duced fertilization–mechanical weeding.
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Tjoa A, Tscharntke T, Veldkamp E, Wollni M (2020) Trade-offs between
multifunctionality and profit in tropical smallholder landscapes. Nature
Communications 11(1):1186. doi:10.1038/s41467-020-15013-5
119
Chapter 4. Nutrient leaching losses
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– Meijide A, Röll A, Fan Y, Herbst M, Niu F, Tiedemann F, June T, Rauf A, Hölscher
D, Knohl A (2017) Controls of water and energy fluxes in oil palm plantations:
environmental variables and oil palm age. Agricultural and Forest Meteorology
239:71–85. doi:10.1016/j.agrformet.2017.02.034
– Ministry of Agriculture of Indonesia (2016) Oil palm replanting guideline.
Regulation No: 18/Permentan/KB.330/5/2016
– Mohanty S, Swain CK, Tripathi R, Sethi SK, Bhattacharyya P, Kumar A, Raja R,
Shahid M, Panda BB, Lal B, Gautam P, Munda S, Nayak AK (2018) Nitrate leaching,
nitrous oxide emission and N use efficiency of aerobic rice under different N
121
Chapter 4. Nutrient leaching losses
application strategy. Archives of Agronomy and Soil Science 64(4):465–479.
doi:10.1080/03650340.2017.1359414
– Moradi A, Teh CBS, Goh KJ, Husni AMH, Ishak CF (2015) Effect of four soil and
water conservation practices on soil physical processes in a non-terraced oil palm
plantation. Soil and Tillage Research 145:62–71. doi:10.1016/j.still.2014.08.005
– Murdiyarso D, Hergoualc’h K, Verchot LV (2010) Opportunities for reducing
greenhouse gas emissions in tropical peatlands. PNAS 107(46):19655–19660.
doi:10.1073/pnas.0911966107
– Neill C, Coe MT, Riskin SH, Krusche AV, Elsenbeer H, Macedo MN, McHorney R,
Lefebvre P, Davidson EA, Scheffler R, Figueira AMeS, Porder S, Deegan LA (2013)
Watershed responses to Amazon soya bean cropland expansion and intensification.
Philosophical Transactions of the Royal Society of London. Series B, Biological
sciences 368:20120425. doi:10.1098/rstb.2012.0425
– Nelson PN, Banabas M, Scotter DR, Webb MJ (2006) Using soil water depletion to
measure spatial distribution of root activity in oil palm (Elaeis Guineensis Jacq.)
plantations. Plant and Soil 286:109–121. doi:10.1007/s11104-006-9030-6
– Nyamangara J, Bergström LF, Piha MI, Giller KE (2003) Fertilizer use efficiency and
nitrate leaching in a tropical sandy soil. Journal of environmental quality
32(2):599–606. doi:10.2134/jeq2003.5990
– Olsson MO, Falkengren-Grerup U (2003) Partitioning of nitrate uptake between
trees and understory in oak forests. Forest Ecology and Management
179(1-3):311–320. doi:10.1016/S0378-1127(02)00544-3
– Omoti U, Ataga DO, Isenmila AE (1983) Leaching losses of nutrients in oil palm
plantations determined by tension lysimeters. Plant and Soil 73:365–376.
doi:10.1007/BF02184313
– Pahan I (2010) Complete guide to oil palm, 8th edn. Penebar Swadaya, Jakarta,
Indonesia
– Pardon L, Bessou C, Nelson PN, Dubos B, Ollivier J, Marichal R, Caliman J-P,
Gabrielle B (2016) Key unknowns in nitrogen budget for oil palm plantations. A
review. Agronomy for Sustainable Development 36(1):20.
doi:10.1007/s13593-016-0353-2
– Pirker J, Mosnier A, Kraxner F, Havlı́k P, Obersteiner M (2016) What are the limits
to oil palm expansion? Global Environmental Change 40:73–81.
doi:10.1016/j.gloenvcha.2016.06.007
– Priesack E (2005) Expert-N model library documentation. Institute of Soil Ecology
122
Chapter 4. Nutrient leaching losses
– R Core Team (2019) R: A language and environment for statistical computing.
Foundation for Statistical Computing, Vienna, Austria
– Rahman N, Neergaard A de, Magid J, van de Ven GWJ, Giller KE, Bruun TB (2018)
Changes in soil organic carbon stocks after conversion from forest to oil palm
plantations in Malaysian Borneo. Environmental Research Letters 13(10):105001.
doi:10.1088/1748-9326/aade0f
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5.1 Effect of reduced management intensity
Our experiment showed that the reduction of management intensity had generally no
effect on soil nutrient contents, soil-N cycling rates or asymbiotic N2 fixation, but it was
effective in reducing nutrient leaching losses, an important environmental footprint of
large-scale oil palm plantations. In particular, the leaching losses of N and Al, two
potential water pollutants, were diminished by 44% and 53%, respectively.
We found that the reduced fertilization treatment had comparable nutrient con-
tents to the conventional fertilization despite lower nutrient inputs. Soil mineral N
contents, although on average higher in the conventional than in the reduced fertil-
ization treatments, did not show significant effects of reduced N application (Fig. 1),
despite mineral N reacts fast to changes due to its fast turnover (low mean residence
time, Chapter 2). It is likely that the excess of N applied in conventional compared to
reduced fertilization treatments is mostly leached, as shown by high leaching losses oc-
curring after fertilization and by the reduction of N leaching with reduced fertilization
rates (Chapter 4). This is further supported by lack of treatment effects on microbial
biomass N (Chapter 2), which is also a fast reacting pool, suggesting that the microbial
biomass is not using the excess N. All these results indicate that the plantation was
over-fertilized with N. As for K, the reduced fertilization treatments added only 15%
less K than the conventional fertilization treatments, due to the high K content in the
fruit bunches (Chapter 2). It is likely that the K fertilization treatments did not have
effects on soil nutrient contents because of this low reduction, but some effects may
emerge in the long-run of this experiment. Similarly, effects of P fertilization may be
difficult to detect because fertilization with P in both conventional and reduced treat-
ments was relatively low compared to N and K.
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Figure 1: Annual average soil mineral N (mean ± SE, n = 4 plots) in the top-5-cm
depth in each experimental treatment and management zone in a large-scale oil palm
plantation in Jambi, Indoensia.
The same lowercase letters indicate no differences among treatments in each manage-
ment zone (linear-mixed effect models on monthly values followed by ANOVA at p ≤
0.05)
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fertil-
ization–mechanical weeding.
The rates of lime application were kept constant across treatments in our man-
agement experiment. The high pH found in the palm circle showed that liming was
effective in compensating the acidifying effect of nitrification from urea application
(Dubos et al. 2017), also considering the high rates of nitrification in our plantation
(Chapter 2). Nevertheless, since the base saturation in the palm circle was very high
(100% in the top 5 cm of soil; Chapter 2), lime application could be reduced, especially
in the reduced fertilization treatment with lower urea application, in order to reduce
the leaching of Ca (Chapter 4). Alternatively, the lime could in part be broadcasted also
to the inter-row, where there was low pH and high Al saturation (Chapter 4).
Manual weeding increased the vegetation cover compared to herbicide weeding
treatments (Darras et al. 2019), which resulted in more efficient retention of nutrients
in the top-soil and lower leaching losses (Chapter 4). Also, the mechanical weeding
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treatments showed a trend (although not significant) of higher pH and base saturation
in the inter-row compared to herbicide weeding treatment (Fig. 2). This is probably
due to higher base cations retention by the understory vegetation (Baba et al. 2011),
and suggests that a positive effect on soil fertility might emerge in the long-run of this
experiment.
Figure 2: Soil pH and base saturation in the top-5-cm depth in each experimental treat-
ment and management zone in a large-scale oil palm plantation in Jambi, Indoensia.
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fertil-
ization–mechanical weeding.
Together with the positive effects on soil fertility, mechanical weeding also in-
creases water infiltration in the soil, thus reducing runoff, compared to the conven-
tional herbicide application, and have positive effects on soil biota: it recorded higher
decomposer animal metabolism, belowground animals group richness, and above-
ground insect family richness than the herbicide treatment (Darras et al. 2019). Re-
garding the economic impacts, management costs were comparable between herbicide
and mechanical weeding, because periodical manual removal of woody vegetation is
necessary also with herbicide application (Darras et al. 2019, Pahan 2010).
The reduction of management intensity may lead to some nutrient deficiencies
that may affect fruit development of the oil palm, thus affecting the yield. The effect of
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stresses on fruit development should start to emerge 20-30 months after the occurrence
of the stress, because of the development period from floral initiation to fruit maturity
in oil palms (Tiemann et al. 2018). In an experiment on the application of empty fruit
bunches in an oil palm plantation the yield reacted with two year lag-time (Tao et
al. 2017), whereas in an experiment on manuring the first effects on fruit production
emerged after nine months and peaked after 4-6 years (Sidhu et al. 2009). In our exper-
iment, the yield, measured up to three years after the establishment of the experiment,
was comparable among the experimental treatments (Fig. 3), probably because there
was no reduction on soil nutrient contents. This indicated that the reduction of man-
agement intensity did not reduce the plantation productivity in the first years of this
management experiment but some effects may emerge in the long-run of this experi-
ment.
Figure 3: Annual yield in 2017, 2018 and 2019 in each experimental treatment in a
large-scale oil palm plantation in Jambi, Indoensia.
Treatments: ch = conventional fertilization–herbicide; cw = conventional fertiliza-
tion–mechanical weeding; rh = reduced fertilization–herbicide; rw = reduced fertil-
ization–mechanical weeding.
Long-term monitoring is critical to show effects on the long run but it is of-
ten complicated due to limited resources. Since the yield is routinely monitored in
large-scale plantations, it could be possible to establish permanent experimental plots
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inside large-scale oil palm plantations for assessing different management practices.
This practice should be advocated by the government, and compensations for even-
tual yield reduction should be set in place.
In conclusion, this management experiment defined some management prac-
tices that could help to reduce the environmental footprint of large-scale oil palm plan-
tation. The results could be used as research-based evidence for the development of
precision farming in oil palm plantations, in line with the objectives of the Indonesian
government (Ministry of Agriculture of Indonesia 2016), as well as for recommenda-
tions on sustainable management by the Roundtable of Sustainable Oil Palm (RSPO
2018). Other practices that could restore some ecosystem services in oil palm plan-
tations, such as enhanced understory vegetation (Luke et al. 2020) or enriched tree
diversity (Teuscher et al. 2016), should be also investigated for their impacts on soil
fertility indices as well as for productivity.
5.2 Spatial differences in the oil palm plantation
Another important aspect highlighted in this research is the spatial variability of soil
functions inside the plantation, according to the management zones. This point out
to the importance of taking into account the management zones when measuring soil
parameters in oil palm plantations. Soil fluxes and stocks of the main nutrients sup-
plied via fertilizer and lime (N, K and Ca) in each management zone are summarized
in Figure 4.
Atmospheric input via precipitation was not included because it was considered
similar among management zones, as the difference in interception between palm cir-
cle and the other zones was just of 142 mm yr-1 (Chapter 4). The rates of asymbiotic
N2 fixation were generally in the same order of magnitude as soil N2O emissions, and
both were minor N fluxes compared to the other inputs and outputs (Fig. 4).
The frond-stacked area had high N and Ca inputs from the decomposition of
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fronds, which were especially rich in these elements (Chapter 3), as they were supplied
to the palm via fertilization and liming (Fig. 4). The input of K from the decomposition
of fronds was lower than N and Ca, despite the high rates of K fertilization, because
most of the K taken by the palms is stored in the fruit bunches, which have high K
contents (3.8 and 62.6 mg g-1 in the fruit and stalks, respectively, Chapter 2). Because
of these nutrient inputs from decomposition, the frond-stacked area had generally high
nutrient contents: soil Ca was comparable to the limed palm circle and soil N was even
higher than the fertilized palm circle (Fig. 4). These high N contents are the result of
high gross N mineralization and of efficient N retention by a large microbial biomass,
which is sustained by high soil organic matter (Chapter 2).
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Figure 4: Fluxes and soil pools of N, K, and Ca (mean (standard error), n = 4 plots)
in each management zone, in the conventional fertilization–herbicide treatment in the
large-scale oil palm plantation in Jambi, Indoensia. Fluxes are in kg ha-1 yr-1 and pools
in kg-1 ha-1; microbial biomass N measured in the top-5-cm depth and soil nutrient
contents for the top-50-cm depth.
Means followed by different letters indicate significant differences among manage-
ment zones (linear mixed effects models with Tukey HSD at p ≤ 0.05 on monthly data
for fluxes, and one-way ANOVA with Tukey HSD or Kruskal-Wallis H test with mul-
tiple comparisons extension at p ≤ 0.05 for nutrient pools).
aData of N2O soil emissions from Koks et al. [unpublished] measured in the same
plantation
bNutrient inputs from litter calculated as the product of litter nutrient concentrations
(Chapter 3) and the average annual dry-weight of the fronds cut (from 2017 to 2019)
The inter-row, without external nutrient inputs, had comparable N than the
palm circle, sustained by higher microbial biomass N and gross N mineralization (Chap-
ter 2), but lower Ca and K contents (Fig. 4). Nutrient contents in the inter-row were
comparable to the unfertilized rubber plantations and smallholder oil palm plantations
with low fertilization rates in the same area (Allen et al. 2016).
The high organic matter in the frond-stacked area generated high porosity with
134
Chapter 5. Synthesis
consequently high infiltration and water drainage (Chapter 4), thus reducing runoff
and favoring the groundwater recharge (Moradi et al. 2015, Tarigan et al. 2020). Also,
given that the frond-stacked area hosts most faunal activity in this oil palm planta-
tion (Potapov et al. 2020), infiltration rates are likely further enhanced by bioturbation
(Colloff et al. 2010). The high drainage and high soil nutrient contents in this zone
resulted in higher leaching of base cations but not of N, for which leaching losses were
higher in the inter-row (Fig. 4). Higher N retention efficiency in the frond-stacked area
(0.98, Chapter 4) than in the inter-row (0.88) indicates higher retention in microbial
biomass and higher root uptake by the palms. The latter was corroborated by find-
ings of higher root density in the frond-stacked area than in the inter-row (Rüegg et al.
2019, Nelson et al. 2006). This is important as it indicates that the oil palm can use the
nutrients from frond decomposition, and that root development is influenced by the
spatial variability of soil fertility. The continuous application of fertilizer close to the
palm´s trunk prevented the roots to occupy the whole plantation area (Schroth et al.
2000), resulting in low nutrient uptake and high leaching fluxes in the inter-row (Fig.
4).
Possible options to mitigate high leaching in the inter-row are the application of
lower fertilization rates and the development of ground vegetation (Chapter 4), as well
as the increase of area covered by the frond stack, or the alternation of the inter-rows
covered by the frond stack over the life span of the plantation. In fact, mulching with
fronds improved several soil functions: it promoted soil fertility, soil nutrient cycle and
retention, soil macrofauna activity, soil microbial biomass, as well as reduced runoff
and provided groundwater recharge.
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5.3 Comparison with smallholder oil palm plantations
and forest
The design of the EFForTS project offers the possibility to compare the studied large-
scale oil palm plantation with smallholder oil palm plantations and lowland tropical
forest in the same area in Jambi province, the Harapan landscape (Drescher et al. 2016),
on the same Acrisols with loam texture (Allen et al. 2015). The comparison with forest
can illustrate the effects of land-use change from forest conversion to agricultural sys-
tems, whereas the comparison with smallholder oil palm plantations can show the ef-
fects of agricultural intensification. Compared to the large-scale plantations, the small-
holder plantations in the study region had lower management intensity because of:
• lower fertilization rates, 88 kg N, 38 kg P, 157 kg K ha-1 yr-1 (Kurniawan et al.
2018) versus 260 kg N, 50 kg P, 220 kg K ha-1 yr-1;
• lower herbicide applications, on average 0.82 L herbicide ha-1 yr-1 (Moulin et al.
2017) versus 2.25 L ha-1 yr-1. Also, herbicide was not applied regularly and not
used by all farmers (Euler et al. 2016);
• lower liming, which was applied occasionally (Kurniawan et al. 2018), as seen by
lower pH in the top-10-cm soil in the smallholders (pH = 4.5) than in the large-
scale plantation (management-zones weighted average: pH = 5.3);
• less regularity and lower frequency of harvest, which also resulted in lower fre-
quency of pruning fronds, with an average of two harvest month-1 (Euler et al.
2016) compared to every 10 days in the large-scale plantation.
The partial N budget of these three land uses is compiled in Figure 5. The nu-
trient N was selected because it is important for oil palm growth and because N




Figure 5: Partial N budget (mean (standard error), n = 4 plots) in a large-scale oil
palm plantation (conventional management treatment), smallholder oil palm planta-
tions and forest on loam Acrisols in Jambi province, Indonesia. Fluxes are in kg ha-1
yr-1 and pools in kg-1 ha-1; microbial biomass N (MBN) measured in the top-5-cm depth
and soil N for the top-50-cm depth.
Sources:
• Data of precipitation in all land uses, and of fertilization and leaching in small-
holder plantations and forest from Kurniawan et al. (2018).
• N2O soil emissions in the large-scale from Koks et al. [unpublished data],
whereas N2O emissions in smallholder plantations and forest from Hassler et
al. (2017).
• N2 fixation in smallholder assumed similar to large-scale plantations (Chapter 3),
whereas N2 fixation in forest set as the global average of N2 fixation in evergreen
broadleaf forests (Davies-Barnard and Friedlingstein 2020).
• N from litter in the large-scale plantation calculated as the product of N litter con-
centration (Chapter 3) and the average annual dry-weight of the fronds cut (from
2017 to 2019); N from litter in smallholder plantations and forest calculated as
the product of N litter concentration (Kotowska et al. 2016) and litter production
(Kotowska et al. 2015).
• N export via harvest calculated as the product of the N concentrations in fruit
bunches in the large-scale (Chapter 2) and in smallholder plantations (Kotowska
et al. 2016) and the yield in 2017 (monitored by Z01 group).
• Microbial biomass N and total N in smallholder plantations and forest from Allen
et al. (2015; 2016).
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The N fluxes and pools in the land uses were:
a. N2 fixation: due to the lack of data on N2 fixation in smallholder oil palm plan-
tations and in forest it´s not possible to make a precise comparison. However,
higher N2 fixation is expected in the forest because, in addition to asymbiotic N2
fixation, N is fixed symbiotically by N-fixing trees (e.g. Fabaceae, Rembold et al.
2017).
b. N2O soil emissions: rates of N2O emissions were the lowest in the forest and
the highest in the large-scale plantation, so that they increased with higher of
management intensity. This is likely due to increased N fertilization (Hassler et
al. 2017). This process was a minor pathway for N losses in these systems but
it has a profound effect on climate change, having a warming global potential of
265 (IPCC 2013), so that the reduction of N2O emissions is essential to reduce the
environmental footprints of oil palm plantations.
c. N from litter: N fluxes from litter deposition were higher in large-scale compared
to smallholder oil palm plantations. Since litter N concentrations were similar
in the two oil palm plantations types (1.3% N in large-scale Chapter 3; 1.4% N
in smallholoder, Kotowska et al. 2016), this difference was due to lower frond
litter production in smallholder plantations (5.5 ± 0.2 Mg ha-1 yr-1, Kotowska et
al. 2015) compared to the large-scale (8.6 ± 0.3 Mg ha-1 yr-1). The forest and the
large-scale plantation had comparable fluxes of N from litter because of compara-
ble litter production (8.3 ± 0.5 Mg ha-1 yr-1, Kotowska et al. 2015) and comparable
litter N concentrations (1.2% N in forest, Kotowska et al. 2016).
d. Soil N contents: microbial biomass N (MBN) was lower in the large-scale oil
palm plantation than in the other land uses. This is probably a consequence of
low return of organic matter to the soil, due to high harvest export and removal
of ground vegetation with herbicide and by raking the palm circle (Chapter 2).
Total N contents in soil were comparable among land uses.
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e. N harvest export: the harvest of fruit bunches was the main N loss pathway in
both oil palm plantation systems. While the N concentrations in the fruit bunches
were similar among these plantations (0.8% N in large-scale, Chapter 3; 0.7% N in
smallholder, Kotowska et al. 2016), the yield in smallholders plantations was 14
± 2 ha-1 in 2017, which is much lower than the yield the large-scale plantation (27
± 2 ha-1 in 2017). Indeed smallholders in Indonesia commonly have lower yield
than large-scale plantations because of different management practices (Lee et al.
2014).
f. N leaching losses: N leaching was the other main pathway of N loss from these
systems. Similarly to N2O emissions, N leaching losses increased with higher
management intensity, with the highest leaching in the large-scale plantation and
the lowest in the forest, due to higher fertilizer inputs. In smallholder plantations
the N leaching losses are just 12.5% of N fertilizer applied, and N retention effi-
ciency is 0.99 (Kurniawan et al. 2018), compared to 27% of N fertilizer leached
and 0.88 of N retention efficiency in the large-scale plantation (Chapter 4). The
efficient retention in smallholder plantations was likely the result of lower fertil-
ization rates and lower herbicide application rates (Chapter 4). Also the larger
microbial biomass in the smallholder plantations might have contributed to re-
tain N more efficiently (Chapter 2).
To summarize, there was a gradient of increasing N losses from forest to smallholder
oil palm plantations to large-scale plantations (Fig. 5), showing that forest conversion
to agriculture and agricultural intensification generated higher N losses, and so larger
environmental footprint. Because of low N inputs through N2 fixation and high N
export through harvest (Fig. 5), the productivity in oil palm plantations has to be
maintained by fertilization. The intensive management in the large-scale plantation
sustained higher productivity than in smallholder plantations, as shown by higher
yield and larger litter production, but also generated high N losses (Fig. 5). Research on
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yield gap in smallholder plantations in Jambi suggests that the yield can be enhanced
by higher fertilization rates and by the application of the correct nutrient ratio, as well
as by more frequent harvest (Euler et al. 2016, Woittiez et al. 2019). In large-scale oil
palm plantations, our management experiment showed that fertilization rates equal to
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